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Frontispiece 
Peter Brabham & John Dent Drill~ 
Seismic Shot holes at Barley Hill, Northumoorland 
The Application of Seismic Surveys 
to the Evaluation of Shallow Coal Deposits 
by 
Peter John Brabham 
The copyright of this thesis rests with the author. 
No quotation from it should be published without 
his prior written consent and information derived 
from it should be acknowledged. 
A Thesis submitted for the Degree of 
Doctor of Philosophy at the University of Durham 
Department of Geological Sciences 
15. fEB. 1927 
August 1986 
The viability of using surface seismic techniqMes in the 
exploration of shallow coall deposnts in the UK is investigated. 
The geological fac~ors that affect the economic viability of a 
prospective site are the overburden ratio and the p~esence of 
fauliting, drift channels and previous mine workings. 
The seismic ~efraction technique using both co~ressional 
(f) waves and shear (S) waves is used and also the P wave 
reflection -technique. !iie-JP-wave sourc-e--used is explosive and 
the shear wave source is a horizontal hrunmer. Seven site 
surveys are described, six in North East England, and one in 
the North West. 
The refraction technique using the Plus-Minus and 
Generalized Reciprocal Methods of interpretation is used to 
locate faults, estimate drift cover thicknesses and pinpoint 
areas of previous opencast excavation. Faults are located by a 
change in refractor velocity, or by a sudden change in 
refractor depth. Shear waves display a greater ability to 
image sharp depth anomalies than f waves, due to the greater 
velocity contrast between consolidated and unconsolidated rocks 
that S waves exhibit. S waves are better lithological 
indicators than P waves as there exist distinct ranges of S 
wave velocities for unconsolidated (150 to 400mJsec) and 
consolidated (650 to 1400mlsec) rocks. 
The fundamental problemwith shallow reflection surveys on 
land is that the shallow reflections occur at the same time as 
surface waves and ground roll. The reflection technique is 
used to locate faults and detect the boundaries of old mine 
workings. No reflections shallower than 70m are recorded, and 
in areas of thick glacial drift cover no frequencies higher 
than 100Hz are detected. The results of the survey to locate 
positions of old mine workings are inconclusive, although some 
features seen on the final sections could be related to 
boundaries between unworked and worked strata. 
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The basic aim of this research project is to assess the 
viability of using surface seismic techniq~es in the exploration 
of shalliow coali deposits, i~ relation to the opencast coali mining 
industry in the United Kingdom. 
Opencast mining is the process of excavating all the material 
down to and including the coal serum. It has distinct advantages 
over underground techniques including greater recovery of the in 
situ resources, greater safety and greater productivity. The 
chief disadvantage is its environmental impact (Ward, 1984). The 
technique i s restricted to the removal of relatively thick, 
shallow lying coal serums or aggregations of coal seams of high 
quality. Opencast coal is most useful for upgrading deep mined 
coal because opencast coal 1s mined carefully, selectively and is 
of high quality. 
Opencast coal mining In the UK began as a wartime measure. 
Today the UK opencast coal mining industry produces around 15 
million tons of coal per annum. In 1983-1984 this accounted for 
15% of the total output of the UK. Half the anthracite production 
in Great Britain comes from opencast mining 
Barefoot, 1978; Spooner et al., 1985). 
(Davison, 1977; 
The n~ajority of opencast coal sites are worked by civil 
engineering companies under the supervision of the Opencast 
Executive of the National Coal Board (NCB). Only 1 million tons 
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per annwn are produced by smw~l private, licensed mines. Opencast 
coall sites in the urban enviromnent of the UK are s~lll by world 
standards, site boundaries being restricted by roads, railways and 
villages e~c. ~st of the sites have reserves of less than S 
mi!llion tons, ~]though one si~e in Sco~land has reserves of 23 
million tons. At present in the UK 20 contractors operate 5n 
sites (Spooner et al., BI8S). 
~en opencast coal production began in 1942, sites were 
operating at an average depth of only~ producing poor quality 
near surface weathered. coal. Today the average site depth is iSm, 
but some large sites exceed 20~ in depth. At these sort of 
depths much of the coal that is being worked was left behind by 
previous deep mine workings. As stated previously the quality of 
opencast coal is substantially higher than that of the deep mined 
counterpart. The basic reason for this is the methods of coal 
exploitation used, and the high quality coals that are exploited. 
After the overburden and topsoil has been removed by mechanical 
diggers, the sandstone and shale horizons are removed by blasting 
or ripping down to the coal seam, which is then left exposed 
(plate t). Prior to extraction the top of the seam is cleaned by 
men using shovels and brushes. The coal is then carefully lifted 
by sma 11 cranes into waiting lorries. This ensures a lOOo/o coal 
product that requires no further purification. Individual coal 
seams down to thicknesses of lOcm can be extracted in this way, 
although nearly all the sites in the UK exploit ~ny individual 
seams. 
At the end of a site's life the NCB is obliged to restore the 
land, where it is used for agricultural, industrial or leisure 
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pu:rposes. 
Although the general outline of the geology of the coalfields 
of Great B:ritain is well known, the detained structure required 
for opencast site planning is not. Therefore exploration is 
carried out in areas of interest by the Opencast Executive. From 
the exploration phase the geological structure, coal thickness and 
quanity can be determined at a prospect. A detailed site 
specification IS drawn up and civil engineering companies are 
,invited to tender for the exploitation contract. If the 
geological information in the specification turns out to be 
inaccurate, the civil engineering company who won the open tender 
exercise and begin to exploit the coal, rrmy rrmke a financial claim 
against the NCB. If there turns out to be more coal on site than 
the site specification predicted, then the contractor stands to 
profit. It is in the NCB's interest therefore to rrmke as detailed 
a site specification as possible. 
The preliminary stage of exploration involves the assessment of 
known geological information about the prospective area. This 
involves the study of geological maps, old mine plans and results 
from opencast sites in adjacent areas, along with studies of 
regional, geographic and economic constraints. From this initial 
phase the general feasibility of establishing a profitable mining 
operation can be determined. If a site appears viable then active 
exploration is carried out (Ward, 1984). 
Exploration is undertaken using boreholes, drilling being done 
by subcontractors using highly mobile rigs. The holes are drilled 
openhole, using a tricone bit with an airflush system. The 
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compressed air brimgs rock fra~ents ~p ~o ~~e surface; these a~e 
then logged, along wnth the holle depth, by the driller. Some 
holles are cored so that coal quality tests can be carried out. ]t 
ns unus~al to get a ]0Go/o recovery rate clue to the frnablle 
sediments that are encountered. ]nitnally boreholles are drnlllecl 
im~erest. H the site 
appears attractive from the results of the initial holes, then a 
second phase of drilllling is carried out to fi!l in to 6am centres. 
lln areas of structural complexity, or in areas of old mine 
workings, boreholes may be drilled to 30m centres. 
After individual holes have been drilled, the holes are 
geophysically logged by a geophysical contractor. The usual logs 
logs. that are taken are natural g~ and g~-g~ 
Neutron-neutron logs have also been used, but are not employed in 
opencast exploration on a regular basis. (Dison & ~itworth, 
1985). 
The natural gamna log monitors the naturally occurring 
radiation in the strata. It is particularly useful for monitoring 
mudstone horizons. The g~-gamrrm (density log) uses a Caesium 
137 source and measures the flux of backscattered g~ rays at a 
detector at the top of the sonde. The number of backscattered 
gamna rays detected is inversely related to the number of 
electrons per unit volume of the rock. This in turn is related to 
the rock's bulk density. Coal, having a low density, is picked 
out using this method. The neutron-neutron log uses a neutron 
source and detector, the detector response being related to the 
rumount of hydrogen present in the strata. This logging tool can 
be used to indicate the presence of water; it has also been shown 
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Plate 1 
-Bou l der C l ay 
- Rockhead 
- Bedrock 
A dipping coal seam lies exposed at the 
bottom of an opencast coal site 
' J 
Plate 2 Coal pillars due to previous pillar & stall 
mining lie exposed at bottom of cut. 
Subsidence features related to old mine 
workings are exposed in cut wall. 
to correllate with the fracture clensity in boreholie co~es. 
The da~a gathered from the boreholes are combined to give 
nnforrrllition on d~ift thickness, horizon ]ithology, coal serum depth 
and thickness. llndividMal coal seruns a~e coded and can ~e 
correllatecl between bo~eholes. From this data set ~llans of drift 
~hickness and coal serum structure can ~e drawm. Nonmal faults can 
be infe~red by structural anomalies, or when a boreholle inte~sects 
a fault plane,, by direct evidence. From coal serum plans and 
thickness values the tonnage of coal reserves on site can be 
estimated. The opencast coal mine can be designed to exploit the 
coal in the most economic way, in light of the known geological 
structure. 
The main geological factor that affects the economic viability 
of a prospective opencast coal site is the overburden ratio. The 
ratio can be defined as the thickness of overburden (topsoil, 
drift and non-coal strata), to that of the thickness of workable 
coal (figure 1.1). For each borehole the overburden ratio can be 
calculated and contoured on a plan. An average value can be 
calculated for the total prospect. The average figure in the UK 
is about 15: 1 . For higher grade coals such as anthracite it may 
exceed 25:1. 
Another geological feature that affects the economic viability 
of a prospect 1s the presence of faulting. 
rrmke the extraction of the coal difficult. 
Severe faulting rrmy 
Ntinor faulting does 
not usually affect the volume of coal present. Only major 
faulting, when coal-bearing strata are juxtaposed against barren 
strata does faulting influence coal volume calculations. Faults 
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of~e~ mark the boundaF~ of old mine workings; it is commnn ~o find 
~hat mining was abandoned when a fault was emcoun~ered. The 
precise location of the fault plane can onl~ be inferred between 
two boreholes, unless the borehole imteFsects the fault plane. 
Therefore nf the fault is a boundar~ faul~, then ~his c~n lead to 
some uncertaint~ in the coal vollwne calcullm~ions. 
The presence of deep glacial channells at a si~e rrlli~ have caused 
some of the coal to have been re~ved by erosion (figure].]). 
The rockhead topography needs to be known in detail before the 
exact volwne of coal present can be assessed. The drift thickness 
plans also need to be known for engineering purposes, as the 
topsoil and drift are stored separately at a working site for the 
ground restoration at the end of the site's life. 
As opencast mines become deeper, they encroach upon coal seam 
horizons that rrmy have been previously mined by deep mine 
techniques. The usual method of exploitation was by pillar and 
stall mining (plate 2). This technique can leave as much as 70o/o 
of the coal seam behind, so the presence of old mine workings ~y 
not necessarily make a site uneconomic. Exploration of old mine 
workings is difficult, especially as no old mine plans may exist. 
The volwne of coal left in situ must be estimated from borehole 
information. The method relies upon the percentage of boreholes 
that intersect mine workings directly reflecting the percentage of 
coal left in the ground. For example if every borehole intersects 
a pillar, then the presence of the old workings is unknown, 
resulting In coal calculations being based on 100o/o coal present: 
obviously this is a very risky calculation. 
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Some factors affecting the economic viability of an 
opencast coal site. 
Overburden ratio 
........--~ . 
·: ··~~-'!$··,~····:t.nG'.: -~ 
• -'T'--- ---. ·- - -4-;~·-Sll, 
Overburden ratio = Thlckneaa of overburden {zo) 
Thickness of coal seam {zc) 
Drift channels 
Old mine workings 
Zo 
s~._'~';~;:;~;~!~~{;~~:)~·o./,?, .:.,~,;;:~:>c:·,:i/.:~:~;;~:: :.:·' .. : ·.. ! Drift co ver 
~, .. , •• :~Jjt4 .. \ '"~~r· "''" ~ 
- • """'~ - >i :~) _.,_ 4t 
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z .,.,.,.,.,';';,,'(;))''\'!''))f;;:;;•g;:g:r:; ::::: ,.,,, ••• ,,,, ,,,,,,,,,,,,,,,,,,,,,,,:;;;:;;:;;;-:w,, ..,Coal seam 
Economic limit typically 18 to 25 : 1 
A percentage of coa l already toet to old pillar l etall mlnlno 
Figure 1.1 
The Opencast Executive spends ~2 million pounds sterling per 
annwn on drilling and prospecting, which is about 3% of its budget 
(Bush, 1985). No surface geophysical technique is used on a 
regular basis in the exploration phase. The objective therefore 
of this project was to detennine the vi.abiii.ty of using seismic 
techniques in the exploration phase, to help detennine the 
detailed geological structure needed for the site specification. 
Geophysical methods have been well established as an essential 
component of oil exploration for over 40 years. They have taken 
much longer to gain acceptance in the coal industry, mainly 
because of difficulties in gaining the degree of resolution 
necessary. Reflection seismology has been used as a tool for coal 
exploration for deep mines in the UK since 1976, following trials 
carried out in 1973-1974 (Ziolkowski, 1981). Seismic surveys have 
been used with success In every active British coalfield. The 
technique played a vital part in the exploration of the Selby 
concealed coalfield in Yorkshire (Stephenson, 1985). It has also 
been used in VVestern Area of the NCB to site deep exploration 
boreholes to avoid areas of structural complexity and faulting 
(Goosens, 1985). Reflection seismology for coalfield exploration 
has also been carried out In Australia (Hai"man, 1981), VVest 
Germany !Schlicker & Banning, 1981), The Netherlands (De Voogd & 
Staudt, 1982) andVVyoming USA !Greaves, 1984). 
In October 1980 the NCB undertook a one year co-operative 
research progrrunne with the US Geological Survey to look into the 
possible development of using shallow seismic surveys in the 
detection of old mine workings, faults, washouts and hidden coal 
subcrops. The work was carried out by Dr.Hasbrouck of the USGS 
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using a portable seismic acquisitio~/~rocessing systemwhich he 
had develloped. Both compressional {P), and shear (S) waves were 
used to explore a variety of geological situations. The results 
of this progrrunme were encouraging. Success was achieved in 
detecting the depth to rockhead usi~g refracted waves a~d nocating 
the outcrop position of a competent sandstone overlying a coal 
serun. llt was also suggested that old mine workings might ~e 
detected using surface waves (Hasbrouck & Padget, 1982). 
It was from this initial progrrumme that the project which is 
the subject of this thesis was born. Finance was obtained from 
the NCB to cover the costs of field work and the salary of one 
technician for a two year period. The author was funded by a CASE 
award from the Natural Environmental Research Council. The 
project was based at the Department of Geological Sciences at the 
University of Durham under the supervision of Dr.N.R. Goulty. 
Some preliminary refraction work was carried out by Chester 
(1982) as an M. Sc. project. The major fieldwork began in 
September 1982. The field work was carried out in three srnnmer 
seasons, (Sept.to Nov. 1982, April to Oct. 1983 and April to Sept. 
1984). 
In total during the course of this project, fifteen survey 
sites were visited, at some of which only a reconnaissance survey 
was carried out. The seven site surveys included in this thesis 
involve multiple seismic 1 i ne s , and cover a wide variety of 
geological targets investigated using the seismic refraction and 
reflection techniques. Six of the survey sites are located in the 
North East of England on the Durham and Northumberland coalfields 
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(rrwp ]), the snxth being 
Cmnbwimn coalfielid (rrmp 2). 
in the North West of England on the 
The seismic data processing was carried out at Durhrum 
Univewsity ~sing the depawtmentaU computing facilities. During 
the course of this project, some fie]dwowk and interpretation of 
seismic refraction data was carried out by undergraduates from 
within the department as descwibed in their B.Sc. dissewtatioms 
(Gilbert 1984, VVollett 1985). Other geophysical techniques were 
studied, such as rrmgnetics (Goulty et al., 1984), by graduate and 
postgraduate students at Durhrum University 
has limited use in opencast exploration; 
since 1982. ~gnetics 
it is used to precisely 
locate coalfield igneous dykes that are encountered In the 
Northumberland and Scottish Coalfields. 
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SURVEY SITES IN THE 
NORTH EAST OF ENGLAND 
Durham & Northumberland coalfield 
Outline of coalfield shown as a bold line 
Scale 1:200000 
Site Number 
1. Stanley Moss 
2. Barley Hill 
3. He~tt North 
4 . High Thorn 
6. Stobswood 
7. Marley Hill MAP 1 
SURVEY SITE IN THE 
NORTH WEST OF ENGLAND 
Cumbrian coalfield 
!1141 
. 
~l&oiiU 
I 
I llot 
' . 
I 3112 SC.VUl PUllS 
. 
Outline of Upper Carboniferous strata shown as a bold line 
outcropping productive measures shown stippled 
Scale 1:250000 
Site Number 
5. Keekle 
MAP 2 
~ressnonal ~~d Shear Waves 
The seismic method utilises the propagation of waves through 
the earth. Seismic waves are often referred to as elastic waves 
because they cause defonnation of the rrillterial in which they 
propagate. TWo types of elastic wave propagate through solids. 
The first type causes particles to ~ve longitudinally in the 
direction of wave propagation and thus involves both dilation and 
shear. The second type causes particle ~tion perpendicular to 
the direction of propagation and thus involves only shear. The 
two wave types are called compressional or prirrillry (P), and shear 
or secondary (S) waves. 
The propagation velocities of the two wave types through a rock 
mass depends upon the rock's bulk modulus (K), shear ~dulus (fJ) 
and the density (p). 
The relationship between the compressional wave velocity Vp and 
the elastic constants is; 
Vp Equation 1 
and between the shear wave propagation velocity Vs and the 
elastic constants is 
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Vs Equation 2 
When shear waves propagate, the ~tion of individual particles 
is perpendicular to the direction of wave propagation. Xf the 
partic~es all move in paralllen nines the shear wave is said to be 
polarized. If the rrwtion is in the vertical plane it is 
designated an Sv wave. if the rrwtion is horizontal it is tenned an 
Sh wave (figure 2.1). From equation 2 we see that Vs is dependent 
upon the shear modulus of the rock. As shear defonnation cannot 
be sustained in a liquid, then shear waves will not propagate 
through a liquid. 
If both the P and S wave velocities can be directly measured 
through a rock then by combining equations 1 and 2 we get~ 
_y_p_ 
Vs )+ 4 +-3 Equation 3 
The above equation reveals that the compressional wave velocity 
will always be greater than the shear wave velocity in the smne 
medi wn. By re-arranging equation 3 we can directly detennine 
Poisson's ratio (0") for a rock by knowing the values of Vp and Vs. 
cf Equation 4 
2 ( vpjvs) -2 
The velocity ratio Vp/Vs for most consolidated rocks is between 
1.5 and 2.0. However, In near surface unconsolidated layers, 
ratios between 4.0 and 8.0 have been observed (Weist & Edelmann, 
1984.) 
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One practical feature arising from studies of wave propagation 
velocities is that P wave velocities are strongly influenced by 
the pore filling of the rock nmtrix. Experiments have shown that 
P wave velocity is increased ~rkedly by the presence of ground 
water. Conversely shear wave velocities hardly change at an 
interface between dry and wet sand. it rrmtters little whether the 
rock umtrix is fiDled with air or water, as it is the rock rrmtrix 
itself which plays the decisive role (VVeist & Edel~nn, 1984.). 
Surface Waves 
In an infinite isotropic mediwm only P and S waves can exist. 
However when the mediwn does not extend to infinity in all 
directions, but is bounded by a surface, other wave types can be 
generated. These waves are called surface waves since they are 
confined to one of the surfaces that bound the mediwn (Telford et 
a I, 1976). In exploration seismology the surface waves are 
regarded as undesired rtoise and are usually referred to as "ground 
roll". In P wave recording the ground roll is ~de up of Rayleigh 
waves, whereas in shear wave recording we are concerned with Love 
waves. 
Rayleigh Waves 
Rayleigh waves are complex, the particle motion on the surface 
being retrograde elliptical. The amplitude of the wave decreases 
with depth below the surface. Theory shows that in a uniform 
half-space the velocity of the Rayleigh wave is 
frequency-independent and is a function of the Vp/Vs ratio of the 
medimn (or Poisson's ratio) and the absolute value of Vs. The 
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Rayleigh wave velocity is just less than the shear wave velocity 
of the mediwn. For example in a mediwnwith a Vp/Vs ratio of 1.7, 
the Rayleigh wave velocity is 0.92Vs, whereas for an 
unconsolidated mediwnwith a Vp/Vs ratio of ~.0, the Rayleigh wave 
velocity is 0.95Vs (Waters, n978). 
in reality the Rayleigh wave arrivals are mwre complex than 
this. The near surface "low velocity zone" found in _p~acti~e 
causes a disturbance to the simple conditions outlined above. For 
high frequencies the wave does not penetrate deeply and obtains a 
velocity nearly equal to that of the shear wave velocity of the 
near surface. Rayleigh waves of low frequency (long wavelength) 
penetrate into the underlying higher velocity surface layers; 
their velocity then approaches the shear wave velocity of the 
deeper higher velocity layer. This variation of velocity with 
frequency is called dispersion. The net effect on the seismic 
recording is that the wave appears as a wave train over a 
relatively large time interval. 
Love Waves 
In shear wave exploration using Sh waves, the surface waves are 
Love waves. Love waves are fanned by energy trapped in the 
surface layers. They can only exist when there is a low velocity 
layer overlying a deeper higher velocity substratwn (a condition 
corrnwnly found in practice). They exist by multiple reflection 
between the top and bottom surfaces of the low velocity layer, the 
ground rrmtion being in a horizontal plane. Love waves are also 
dispersive. The Love wave velocity is equal to the S wave 
velocity of the surface layer for short wavelengths and to the S 
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wave velocity of 
(Waters, 19'18). 
the underlying layer for long wavelengths 
Wave Generation 
in land exploration seisrrwlogy, elastic waves are generated by 
imparting a sudden stress to the earth. In practi~e both shear 
and compressional waves are generated no nmtter what forces are 
applied to the ground. The desired technique is to apply forces 
to the ground such that a large percentage of energy produces the 
wave type of interest. 
For P wave land surveys, P waves can be generated by hitting a 
metal plate vertically with a hanmer, or by dropping a weight onto 
the ground. By far the most efficient generator of P waves is 
dynamite, charges being exploded in boreholes. Dynamite is a pure 
generator of P waves, S waves being produced by interaction of P 
waves with the land surface, or other inhomogeneities in the 
vicinity of the source. Other modern P wave generation techniques 
have been used in shallow exploration projects involving the use 
of propane/oxygen gas guns (Me Cann et al., 1985), vi bra tors (Nunn 
& Boztas, 1977), and mini-SOSlE tan1pers (Greenhalgh et al., 1986). 
In contrast to P waves, shear waves are polarized. In 
exploration work horizontally polarized shear waves are preferred 
as they are autonon10us, that is all transmitted, reflected and 
refracted secondary waves from horizontal interfaces are of Sh 
type only. The rrwst co~n method of shear wave generation 
involves the use of a horizontally moving plate. Figure 2.2 
displays the wave types generated by such a mechanism (Edel~nn & 
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Elastic wave tmu. 
P wave 
-
Sv wave 
'lllV 
SH wave 
-
Figure 2.1 
Waye types generate~~ 
shear wave stand 
( IHorlzontl!ll hammer technique} 
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Actdrawn from Edelmann and Schmo~ll t 983 
IFogure 2.2 
Schmoll, 1983a), 
other wave types. 
Sh waves having a much greater runplitude than 
In practice the baseplate is rrllide up of a heavy 
stand which is finnly embedded into the ground. A horizontal 
force is then imparted to the baseplate; the force rrlliY come from a 
harm1e r, a falning weight or an accelerated ~ss. In the Soviet 
Union shear wave exploration has been carried out using explosive 
techniques (Edelnmnn & Schmoll, 1983a). 
-~~---------~~~-
-----------
--------------- --
2.2 SEI~C EXPLORATION FOR SHALLON CDAL DEPOSITS 
~en elastic waves are generated, the wave propagates at the 
compressional or shear wave velocity of that mediwn. The near 
layers of surface layers of the earth consist of distinct 
differing physical characteristics each one having a different P 
and S wave propagation velocity. ~en an elastic wave encounters 
a boundary between layers then energy may be refracted or 
reflected back towards the earth's surface. 
The seismic refraction and reflection techniques have been 
developed over the past century to explore the subsurface. 
It i s beyond the scope of this. chapter to describe both 
exploration techniques in great detail as many introductory texts 
exist for this purpose (e.g. Dobrin, 1976. Telford et a 1 . , 
1976). The discussion in this chapter is restricted to those 
aspects which have particular relevance to exploration over 
shallow targets and, in particular to the exploration of shallow 
coal deposits. 
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2. 3 SEX ~C REFRACfiCt-1 
The seismic refraction technique works best when it is applied 
to geological situations where there are essentially flat lying 
stTata. with seismic velocities which increase successively with 
depth. 
Figure 2.3 displays the fundrunental principles of the 
exploration method, which depends upon the seismic ray paths 
obeying Snell's Law. ~en a wave crosses from a low to high 
velocity mediwn an incident angle must exist whereby the 
refracted along the interface between the two layers. 
wave is 
This wave 
is called the critically refracted wave, and the incident angle of 
that wave on the boundary the critical angle. 
Figure 2.3 shows a wave generated at point 0 and radially 
emanating from that point at the velocity Vl of the first layer. 
~en the spherical wavefronts strike the boundary between layer 1 
and layer 2 where the velocity suddenly increases, the energy is 
then refracted into layer 2 according to Snell's Law. The 
wavefront now radiates through layer 2 at the increased 
propagation velocity V2. The portion of the wavefront which 
travels along the interface between layer 1 and layer 2 subjects 
the boundary to an oscillating stress which generates new 
disturbances along the boundary. These disturbances in turn 
spread out spherically in the upper layer at velocity Vl and 
return to the ground surface. This is called the head wave. 
The wavefront radiating downwards into layer 2 then refracts 
into layer 3, which produces a head wave in layer 2, subsequently 
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refracted back into layer 1 and so Teturns to the surface. 
Receivers can be p!aced on the ground surface with increasing 
offset from point 0 (shot point) to monitor the return of energy 
to the surface. The ray paths that produce the fastest route 
through the model for energy travelling From the shot to the 
receiver produces the "first break .. on the recording system at the 
receiver position. If the first breaks are plotted on a time 
versus distance graph, the resultant traveltime graph would 
resemble that in figure 2.3. 
It can be seen that the time-distance graph displays three 
distinct linear segments, the reciprocal of the gradient of each 
line yielding the propagation velocity of each of the geological 
layers. This is due to the fact that with increasing offset from 
the shot point, the rays that travel the longer but faster path 
through layer 2 overtake those travelling directly through layer 
1. Therefore a point exists on the ground surface where the 
arrival times for the direct and refracted rays are equal. The 
distance from this point to the shot point is called the crossover 
distance. There is a second crossover distance at a greater 
offset where the waves that take the path through layer 3 take the 
same time as those critically refracted in layer 2. 
The linear segments on the traveltime graph can be extrapolated 
back to the time axis to yield the intercept time for each layer 
(figure 2.3). The intercept time for each layer is a function of 
the propagation velocity for that layer and all the overlying 
layers. For a two layer model the intercept time is given by: 
IT2 lvl- v/ Equation 5 
v2. v1 
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For n layers overlying a half space is give~ by: 
HTn I Vn~1- v/ Equation 6 
Vn~1 Vi 
By rearranging in terms of the layer thicknesses; 
Zl 1 T2 V2 • v1 = ---0 
2 jv~-vl 
Equation '1 
The crossover distance (Cd1) can also be used to detennine the 
layer thickness; 
Zl 1 
2 
Equation 8 
The principle that the reciprocal of the gradients of the 
linear se~ents on the traveltime graph yield the layer velocities 
is only true for horizontal interfaces. If one introduces a dip 
to the refractor, the graph immediately becomes rrmre complex. The 
dip will cause the apparent velocity of the layer to be greater or 
s~ller than the true velocity, depending upon whether the line 1s 
d.own.J.•p 
shot vp dip or .. .: . Only by shooting the line in both 
directions and using an averaging technique on the apparent 
velocities will the true velocity of the refracting layer be 
determined. This is called a reversed refraction line. 
Various equations exist for the determination of layer 
velocities, depths and dips for planar layer rrmdels (Dobrin, 1978; 
Green, 1974). Using these simple equations an average refractor 
velocity and dip can be determined, but only for planar layers. 
If the refractor has an undulating topography or variable lateral 
velocity structure, the results of applying the above method will 
- 18 -
be to produce a "best fit" planar layer solution. 
In certain circumstances layers ~y not be detectable by the 
seismic refraction method. This is due to phenomenon referred to 
in the literature as the blind zone or hidden layer problem 
(Northwood, 1967 Sjogren, 1984). This indetectabUity ~y be 
due to: 
1. Insufficient velocity contrast or insufficient thickness of an 
intermediate layer - hidden layer problem. 
2. Velocity inversion, i.e. the velocity of a layer is lower than 
in the overlying layer - blind zone problem. 
The basic assumption of the refraction method is that the seismic 
velocity through each successive layer will increase with depth. 
If this i s no t t rue then amb i guo u s de p t h s w i 1 I r e s u I t f rom u s i n g 
the technique. 
Using the refraction method over complex structures with 
variable velocities requires the use of more advanced 
interpretation techniques using reversed refraction data. 
Advanced Interpretation Techniques 
Advanced interpretation techniques exist, which enable complex 
structures with a variable lateral velocity to be explored. The 
techniques fall into two broad categories: those which work on 
wavefront reconstruction and those which use raypaths. 
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Graphical Construction I VVavefront Methods 
Wavefront reconstruction, usually by graphical means, fonns the 
basis of several methods; Thornburgh (1930), Gard~ner (1967), 
Hales (U9S8) and RockweRl (1967). These methods rely on complete 
reversed coverage at every receiver location (for each refractor) 
on the traveltime graph. Unfortunately being graphical techniques 
they are very time consuming to use, especially on large data 
sets. 
Sjogren (1984) advocates the use of Hales' method (1958) as the 
most convenient to use. The method considers critically refracted 
rays which diverge from a co~n point on the refractor. The 
technique requires two surface points which receive energy from 
the sillme point on the refractor, one in each direction of 
shooting. The positions of the two surface points are detennined 
graphically. The position and radius of the circle to which the 
refractor must be tangential can be calculated. The method 
requires the prior knowledge of overburden and refractor 
velocities. Hales' method is particularly suitable to use when 
the refractor surface is very irregular. 
Delay Time Methods 
The delay time method was adopted for use during this project 
because it can be carried out easily using digital computers. 
This nllikes data processing very quick and leads to a rapid turn 
around in the interpretation time. The concept of delay time 
introduced by Gardiner (1939) is adapted by a variety of 
interpretation techniques. The delay time is defined as the 
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~~aveltime fo~ any sAant raypath between grou~d surface and a 
~e~ractor minMs ~he time reqMi~ed to travel the horizontal 
projection of the raypath along the refractor at the velocity of 
the refractor (Sjogren,193~). For a si~le two-layer case, the 
total traveltime from a ref~acted first arrival can be considered 
to co~sist of the time taken for the wave to travel ~he horizontal 
distance between the shot and ~eceiver at the velocity of the 
refractor plus ~he shot and receiver delay times. 
Using completely reversed refraction data, interpretation 
techniques can separate the delay times, and determine the 
refractor velocity and topography. Two techniques are available, 
and are described in the following sections. 
Crnmmon Receiver Point Method 
This method was used by Hagedoorn (1959) and Hawkins (1961). 
It utilises the recording of a refracted arrival from the same 
refractor at a single geophone from two separate shot points (one 
each side of the geophone). Figure 2.4 shows the principle of the 
method. For a geophone at location G, the so-called "minus" and 
"plus" times can be defined. Three parameters need to be known, 
the traveltime from shot A to 'receiver G (Tag), the t rave It ime 
from shot B to receiver G (Tbg) and the traveltime from one shot 
point to the other via the refractor (Tab). The shot to shot 
traveltime is called the "reciprocal time". 
By plotting a graph of minus time versus distance the lateral 
velocity variations in the refractor can be rrwnitored as the 
gradient of the graph is equal to 1/Vr, where Vr is the velocity 
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of the refwactor. 
The plus time is a good approxirrmtion to twice the geophone 
delay time, and can be used to determine the depth to the 
refractol!' directly below the geophone. A depth conversion 
velocity (Vcon) is required to convert the pUus time to depth. 
For a two layer case it is defined as; 
Vcon 
V1 .vo Equation 11 
~ere Vo is calculated from analysis of the direct wave and Vl is 
calculated from the minus graph. 
Depth to refractor l.Plus Time x Vcon 
2 
Equation 12. 
Therefore by plotting the depth below each geophone location, a 
profile of the refractor topography along the refraction survey 
can be drawn. 
Corrnwn Refractor Point Method 
This method is essentially a ~re sophisticated adaptation of 
the corrnwn receiver point method. It is also called a curve 
displacement method. The technique is described by Palmer 
(1980;1981) and is called the Generalized Reciprocal Method (G~). 
The technique has advantages over the corrnmn receiver method 
particularly in the increased resolution of complex refractor 
structure. 
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The method combines arrivals at two receiver locations from two 
shot points. The receiver locations are separated by a distance 
XY (figure 2.4), such that the refracted arrivals at each receiver 
emerge from the same point on the refractor. TWo parameters are 
defined, the velocity analysis function and the time depth 
function. By plotting the velocity ana~ysis function (at the mid 
point of the two receiver locations) versus distance, the 
refractor velocity can be 
gradient of the plot yields 
~pped out, as the reciprocal of the 
the refractor velocity. If the 
refractor is dipping at an angle i, the calculated velocity has to 
be multiplied by a factor cos in order to obtain the true 
velocity. The time depth can be converted to depth using the same 
conversion velocity formula as the corrnmn receiver method 
(Equation 11), the value for Vl being determined from the velocity 
function graph. 
Phantoming of Refraction Data 
The delay time methods rely upon the ~nipulation of a complete 
set of first break data points from each refractor under 
investigation. The first stage carried out on the data set in 
multilayer situations 1s to identify fromwhich refractor the data 
point originates. This ~y not be an easy task as inflections on 
the traveltime graph caused by the onset of arrivals from 
successively deeper horizons ~y not be able to be delineated from 
those caused by lateral geological changes. Ambiguities ~y only 
be resolved by using multiple shot points for each spread and 
observing the parallelism of the curves (Ackermann et al., 1986). 
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~en mul~iple coverage exists and there is no runbiguity from 
which refractor each data point originates, the law of parallelism 
of refraction data allows the tying together of data points from 
each refractor to yield a complete set of reversed traveltime 
curves for each one. This process is known as phantoming (Sjogren 
1980 ; Lankston & Lankston, 1986). 
The phantoming procedure allow~_ the recordi~g_ of _ _!>oth f~rward __ 
and reverse traveltime data which is identical to those that would 
have existed if: 
1. No refracting horizon existed below the one being studied. 
2. Refracted arrivals could be recorded at less than the 
cross-over distance. 
Calculation of the Correct XY Value 
The method described by Palmer (1980) for the esti~tion of the 
correct XY spacing (equation 14) is by inspection of the Velocity 
Function graph. Perturbations on the Velocity Function graph 
caused by anomalous depth variations in the refractor are removed 
at the optimwn XY spacing. The anomalies may not be of sufficient 
~gnitude in shallow refraction surveys for this technique to be 
adopted. Hatherly & Neville (1986) point out this difficulty when 
using a coarse geophone spacing. He states that for a depth to 
the refractor of less than 20m, often it is not possible to 
determine the correct XY spacing by this method. 
The best technique to apply, is to firstly use the Plus-Minus 
method to calculate the refractor velocity and approxi~te depth 
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of the refractor. Then ~he optimwn XY spacing can be detennined 
using Snell's Law. 
Calculation of Reciprocal Value 
In reality ~he reciprocal time is rarely directly measured 
during the field survey, except for short refraction spreads. A 
practical reason for this is that it ~y be actually i~ossible to 
directly measure the reciprocal time in the case of a multilayer 
fonnation. The reciprocal time ~Y be esti~ted in two ways. The 
first method is from the phantomed traveltime graph, the end times 
on the graph giving the reciprocal time. It is also a useful 
check to note that the reciprocal time in the forward and reverse 
directions should be equal (within error bounds). If they are 
not, then this indicates that an incorrect step has been carried 
out in the phantoming procedure, which ~kes the rest of the 
interpretation invalid The Second method for the calculation of 
the reciprocal time is to use a short refraction spread where the 
reciprocal time has been directly measured and a few plus 
times/time depths calculated. The "floating" plus times/time 
depths from the large survey line can be tied into the values 
calculated from the short refraction spread at the coincident 
geophone locations, (Lankston'& Lankston, 1986). 
Note that the reciprocal time does not affect the shape of the 
refractor topography along the line, as it is a constant value 
applied to the plus time/time depth calculation. 
time only affects the mean depth value. 
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The reciprocal 
Refractor Velocity Analysis 
Figure 2.5 displays the differences between the two methods 
when it is used to determine the refractor velocity. As can be 
seen the calculation of refractor velocity using the co~n 
receiver method uses different portions of the refractor in the 
forward and reverse directions to arrive at the velocity 
calculation. 
defined. 
Therefore an average velocity over a broad area is 
The comrrmn refractor point method srumples the refractor between 
the srume two points in both the forward and reverse directions to 
arrive at the velocity determination. It therefore seems clear 
that the corrnmn refractor technique has distinct advantages. 
The rrmjor drawback in using the common refractor technique for 
velocity analysis is that two geophones with different surface 
locations are used in the calculation. In practice small random 
time delays are encountered at each geophone location due the very 
near surface, features such as land surface undulations, old shot 
holes and near surface ground variations can cause time shifts of 
up to 2 msecs on the data (Figure 2.6 ; Dornalski, 1956). The 
advantage that the common receiver method has is that, because the 
same geophone is used in the minus time calculation, the delay due 
to the very near surface is removed. This results in a smooth 
minus graph. The common refractor technique however uses 
different geophones with different near surface delays. Therefore 
after subtraction of the two traveltimes the near surface delays 
do not cancel out, and some residual delay is still present. This 
random delay is transferred to the velocity function graph causing 
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Refraction in Nfultilayer Cases 
In reality a simple two layer case does not exist, because even 
in a simple overburden/bedrock situation there is a near surface 
low velocity soil layer which must be taken into consideration. 
If this layer is not accounted for, then erroneous refractor depth 
estirrmtes can result. To rerrmve the effect of the soil layer the 
following technique is adopted. 
Along the profile, short offset refraction spreads are used to 
detennine the direct wave velocity and yield depth inforrrmtion 
about the soil layer. From the traveltime graph the direct wave 
can be extrapolated back to the time axis. Invariably the direct 
wave does not go through the origin, indicating that it is in fact 
a very shallow refraction from the base of the soil layer, the 
intercept time giving the depth of the soil layer. The value of 
the half intercept time is a good approximation of the plus time 
of the soil layer at the shot point. Using linear interpolation 
between shot points, a plus time curve can be determined along the 
whole refraction line. The soil plus times are subtracted from 
the plus times for the deeper refractor before depth calculations 
are carried out. For full interpretation of multilayer situations 
see appendix A. 
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2.4 REFRACriON OVER SHALLOrV S~ 
..fo.<:l:or S 
As stated in the introduction, the strYGtures that affect the 
economic viability of a prospective opencast coal site are the 
overburden thickness, faulting and drift channels. Refraction 
surveys can help to delineate these structures, but for each 
structure different raypath geometries must be considered which 
result in dissimilar curves on the time distance graph. 
Overburden Thickness 
Coal serums exhibit a lower velocity than other rock units in a 
typical Carboniferous sequence with sandstones and shales. 
Typically the sandst.one unit will exhibit ~he highest seismic 
velocity in the sequence. Therefore the coal seamwill not act as 
a refractor if there are other rock types present. Consequently 
the depth to the coal seam cannot be measured directly using a 
refraction survey. The refraction technique can be used to 
determine the thickness of the overburden, as the 
overburden/rockhead boundary will act as a refractor. 
The calculation of the overburden thickness can usually be 
carried out using either the P wave or S wave refraction 
technique. One disadvantage of using the P wave technique is that 
the P wave velocity can be affected by the presence of water in 
the rock pores. That is, the presence of the water table below 
rockhead can cause an abrupt increase in the P wave velocity, so 
the the top of the water table can act as a refracting horizon. 
This can be further complicated if rockhead exhibits severe 
weathering. The p wave velocity of weathered rock is 
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significantly lower than that of the fresh rock. The velocity can 
be so lowered that nt does not produce a significant contrast with 
the overlying unconsolidated overburden. In this case the base of 
the weathering zone will now act as the refracting horizon. Any 
drift thickness estirrwtes will be overestirrmted because the 
refracting surface is below the overburden/rockhead boundary. 
Using S waves rrwst of these problems do not seem to occur. S 
wave velocity is not affected by the presence of pore water 
(Edelrrmnn & Sc~ll, 1983a). Velocity contrasts between 
overburden and consolidated rock seem to be large even when the 
rock exhibits severe weathering. 
Faulting 
The accurate location of faults can be important in the 
assessment of the volume of coal in situ at a prospective opencast 
coal site, especially if the fault is a site boundary fault 
(figure 1.1). 
For refraction surveys a fault buried below rockhead can be 
located in one of two ways. Firstly a fault can occur where two 
different rock types are brought against each other. Previous 
erosion rrmy have planed the strata down prior to subsequent burial 
beneath a layer of glacial drift. In this case there is no 
refractor depth anorrmly associated with the faulting. Any fault 
location in this case can only be carried out by rrwnitoring the 
precise location where a change in refraction velocity occurs. 
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Figure 2.7 shows such a ~del, in which a buried fault i s 
rrmrked by a change in refractor velocity. The diagrrum shows the 
wavefronts produced by the critically refracted head waves through 
the ~del. In the forward direction, where the refractor changes 
from high to low venocity there is an associated change in the 
critical angle of the head wave. As the angle i2 is greater than 
i3, there exists a region where a head wave cannot occur. In this 
region diffracted waves 
fault contact will be 
which spread out spherically from the 
the first arrivals. Wi t h inc rea s in g 
thickness of the Vo layer the diffraction zone widens. Note that 
shooting in the reverse direction where the refractor velocity 
increases from a low to high value, there are no diffracted first 
arrivals. 
In the forward direction, any measurement of the refracted 
arrivals on the land surface does not show an abrupt change in 
refractor velocity, 
diffraction zone (D). 
but a gradual change due to the width of the 
Due to the fact that the critically 
refracted ray returns to the ground surface at the critical angle, 
the point on the traveltime graph where the refractor velocity is 
seen to change is offset horizontally from where the fault plane 
intersects the refractor. The offset is a function of the 
overburden thickness and· the velocity contrast between the 
overburden and the refractor. 
If this case is taken one stage further and a buried fault 
modelled as a zone of low velocity 
co~arable velocity (Figure 2.8), 
separating two regions of 
then the zone of diffraction 
occurs in both the forward and reverse directions. If the 
traveltime curves produced by this rrwdel are interpreted using the 
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co~n receiver technique, the resultant minus graph displays a 
broad zone of low velocity much wider than the fault zone in 
reality. This is true except when the surface is at level a 
(where no overburden exists). At level c the broad zone is caused 
by the fact that the velocity changes nwnitored on the surface do 
not !ie directly above thenr origin. On top of this the 
diffraction zones complicate the situation further. The resultant 
low velocity zone appears much wider than it is in reality, the 
apparent width being a function of overburden thickness and the 
velocity contrast between overburden and refractor. 
The irrmging of the low velocity zone can be improved by using 
the corrnmn refractor point interpretation technique, as this will 
partly compensate for the offset nature of the curves. But this 
technique has disadvantages when used for refractor velocity 
analysis (as discussed earlier). 
A Fault Seen as a Step in the Refractor 
A fault can also be nmnifested as a step in the refractor, 
caused by the dislocation of a high velocity layer due to 
faulting. The step rrmy occur at rockhead and be buried by a layer 
of overburden, or there may be a planar rockhead due to previous 
erosion with the step occurring in a deeper high velocity 
refractor below rockhead. 
Figure 2.9 shows the wavefronts one would expect through such a 
structure where the refractor velocity is constant (Sjogren, 
1979). The resultant traveltime graphs are also displayed. The 
wavefronts are complex with diffracted and back scattered 
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contributions. The zones where diffracted arrivals occur as first 
breaks are shown with a broken line. The trave~time graphs show 
different forms in both the upstep and downstep directions. 
Figure 2.10 displays the results of carrying out both the commwn 
receiver and co~n refractor interpretation techniques on the 
travelitime graph (Sjogren, 1979). 
__________ ____I_h~ _ _!_e~ults of the velocity analysis using the conmon receiver 
method, show an 
the vicinity of 
cancellation of 
traveltime graph. 
apparent velocity ano~ly on the minus graph in 
the fault step. This is due to the non 
the effects of the diffracted arrivals on the 
The conmon refractor method (G~) at the 
optimwn XY spacing effectively rerrmves the apparent velocity 
anomaly due to the fault step, revealing a near constant refractor 
velocity. This result can be used to directly determine the 
optimmn XY spacing to use in the time depth calculation. 
The results of the depth calculation using both the corrnmn 
receiver and corrnmn refractor methods are also shown in figure 
2.10. The depth results using the corrnmn receiver method (plus 
graph) show a broad zone over which the refractor depth is seen to 
change. This makes the fault appear as a gradual depth change, 
not a sharp step, making the precise location of the fault step a 
difficult task. Using the conTnon refractor technique the depth 
anomaly is imaged much rrmre sharply, rrmre resembling the sharp 
fault step. 
The rrmdel studies are for an idealised situation with a simple 
fault step in a constant velocity refractor, with an 
overburden/refractor velocity contrast of 1:2.33. The degree of 
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resolution of the fault step ns a function of the width of the 
diffraction zones on the traveltime graphs, which depend upon the 
overburden thickness and the velocity contrast between the 
overburden and the refractor. The velocity contrast is usually 
the rrllijor factor influencing the degree of resolution. S waves 
display a greater velocity contrast than P waves for 
unconsolidated overburden overlying bedrock, due to the fact that 
the Vp/Vs ratio in unconsolidated sediments can rise to values of 
8.0. Therefore there should be a distinct improvement in the 
imaging of a complex structure using S waves rather than P waves. 
Obviously when we are dealing with geological reality then the 
situation may not be as simplistic as the model studies imply. 
Sjogren (1984) uses more complex models in studying the 
reliability of the refraction technique in imaging particular 
complex structures. A fault nlliy also exist as a combination of 
the two basic models given above; that is a step in the refractor 
accompanied by a change in refractor velocity each side of the 
fault. In this case the refraction results yield depth and 
velocity anomalies on which we 
precise fault location. 
can base our esti~te of the 
Drift Channels 
A drift channel can be modelled as aU or V shaped depression 
in a refractor. Such a structure results in the increase in the 
plus time/time depth values calculated from the refraction survey 
over such a structure. ~del studies by Sjogren (1984) show that 
if the depression has severe relief, the refraction results will 
always underestimate the depth in the central part of the 
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depression, and a V shaped depression willi always appear to have a 
flat bottom. Use of the co~n refractor point method allows 
greater penetration into the structure than the co~n receiver 
method. 
2. 5 ERRORS IN REFRACI'IOO" INI'ERPRETATIW 
The estimation of possible or probable errors in refraction 
work is a very difficult task for the interpreter. Errors can be 
classified under three main headings (Northwood, 1967): 
1. Errors caused by incorrect reading of the data. 
2. Errors caused by incorrect assumptions. 
3. Errors caused by incorrect geological interpretation. 
The first category of errors result from interpreting data of 
poor quality with a low signal/noise ratio or a very low frequency 
content so that the first break cannot be determined with any 
great accuracy. This kind of error will primarily affect the 
final depth estimate. If the picking errors are small and random, 
then by fitting a least squares "best fit" (Barford, 1967) to the 
time versus distance data then the true velocity will be 
calculated, along with an error estimate. 
The accurate calculation of depth relies mainly upon the 
accurate determination of the overburden velocity, as this is the 
most significant value in the calculation of the conversion 
velocity used in the depth conversion of the plus timeCtime depth] 
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values (Equation 11). Any depth quotations from shallow 
refraction surveys have a realistic error of plus or minus lOo/o. 
The errors in depth calculations caused by rrmking incorrect 
assmnptions are probably greater than those due to poor data 
quality. The rrmjor assmnption one makes is in the estirrmtion of 
the velocity of the overburden. The overburden velocity rrmy 
increase with depth due to compaction, a !though this is rarely 
apparent in shallow refraction interpretations (Palmer, 1983), or 
it may be laterally variable. These features may only be 
detectable by careful analysis of the direct wave arrivals. 
Carrying out detailed analysis of the near surface velocity 
structure is very time consmning, some assumptions regarding 
average velocities must made using the data that is available. 
One must also consider the possibility of a blind zone or hidden 
layer problem occurring. If the problem remains undetected then 
any depth estimates made, based on the wrong assmnption, will be 
erroneous. 
Using the delay time interpretation technique, the following 
two assmnptions are made (Dampney & "Whitely, 1980): 
1. Each refractor is locally plane under the receiver. 
2. All refraction paths between shotpoint and geophone are corrnmn 
up to the point where the refracted wave leaves the refractor. 
In areas of high relief structures, these conditions are not met. 
Fortunately however, the earth often approximates them. Also in 
high relief areas the ability of the delay time method to 
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detennine refractor velocity breaks down. An appraisal of these 
conditions is given by Sjogren (1979). 
The result of any refraction survey can only be to define a 
cross-sectional velocity structure for the near surface layers. 
An interpretation of the significance of the velocity boundaries 
must be made. If borehole infonnation exists then this process 
can be quite straightforward. 
The most corrnmn error in P wave shallow refraction studies is 
in the estimation of the depth to bedrock. If rockhead is badly 
weathered then its seismic velocity can be so lowered that the 
overburden/rockhead boundary does not provide a significant 
velocity contrast. In this case the base of the weathered layer 
will be the significant refractor. Therefore any depth estimates 
based on the depth to this refractor will overestimate the 
overburden thickness. The possibility that the water table could 
act as refractor must also be considered in shallow refraction 
studies. 
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2. 6 SEI S\1IC REFLECfiOO 
The seismic reflection technique basically involves the 
reflection of elastic waves off geological interfaces. By 
measuring the traveltime of the reflection from ground surface to 
reflector and back to the ground surface, if the velocity of the 
wave through the earth is known, then the distance to the 
reflector can be determined. 
The seismic source is located on or just below the ground 
surface, the reflected energy being monitored by receivers laid 
out on the ground. Figure 2.11 displays the simplest possible 
situation where a -single geological interface occurs. The time 
taken for the reflected energy from source to individual receivers 
is plotted on a time-distance graph. The reflected energy takes 
the form of a hyperbola on the time distance graph (figure 2.11). 
~en the source and receiver are coincident the zero offset 
reflection time results. The difference in traveltime between the 
zero offset and a finite offset receiver is called the nonmal 
moveout (NMO). The traveltime equation for a reflection is given 
as; 
T= + Equation 15 
At the geological interface a percentage of energy is reflected 
back to the surface, whilst the rest is transmitted through the 
boundary to be reflected back by deeper interfaces. The relative 
percentages of the reflected and transmitted energy for a 
particular interface are governed by Zoeppritz's Equations. For a 
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'flme=Dietance graph 
..,.. Distance 
X X 
Seismic velocity 
v 
At zero offset (x=O) travel time is 
Travel time at finite offset is 
4h~ /y2 
Seismic velocltv 
v 
xv2/ + to2 /u 2 Equation 15 
Difference in travel time between zero offset and finite offset 
is called NORMAL. MOVEOUT 
Equation 16 
Figure 2.11 
nonna l incidence reflection, the relative runplitude of the 
reflected pressure wave is; 
R P2 v2 p, v, P2 V2 + p, v, 
Equation 17 
where R is known as the reflection coefficient. For raypaths 
which are not no~lly incident, R becomes a function of incident 
angle, but for incident angles up to around 20 degrees, equation 
17 re~ins a good approxi~tion to the reflection coefficient. 
Coal is an unusual rock type as it has both a low seismic velocity 
and low density in comparison with the surrounding rocks. These 
properties generate a high acoustic impedance contrast across any 
coal/country rock interface. Reflection coefficients at no~l 
incidence lie between 0.35 and 0.5 (Hughes & Kennett, 1983). 
For shallow reflection studies the assumption that near no~l 
incidence reflections are recorded ~y not hold. The ~ximmn shot 
receiver distance must be s~ll enough so that no reflections are 
recorded from beyond the critical angle, where large phase changes 
occur. A maximum reflection amplitude occurs at the critical 
angle. 
As discussed earlier because of the presence of the ground 
surface, surface waves as well as elastic waves are produced by 
the source. The bounding velocity values of the so called ground 
roll have been discussed earlier. Figure 2.12 displays a 
schematic representa~ion of the relationship between the ground 
roll and the reflection hyperbolae for both a P wave and S wave 
reflection survey. For P wave reflection surveys the Rayleigh 
wave ground roll occurs in a cone bounded by approxi~tely 90o/o of 
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the shear wave velocities of the near surface low velocity zone 
and the underlying refractor. For P wave surveys it is conmon 
practice to select a shot to receiver offset so that the 
reflection hyperbolae of interest fall into the free sector 
between the highest Rayleigh wave velocity and the P wave 
refraction arrivals. In S wave reflection surveys, the cone of 
ground roll due to Love waves is bounded by the shear wave 
______ ve!E_cities of the surface low velocity zone and the underlying 
refractor. Therefore in S wave surveys the free sector does not 
exist, and all reflections will occur within the Love wave cone. 
Figure 2.13 displays a scherrmtic traveltime graph for all the 
wave types one would record during a P wave survey. The earth 
model is based on typical depths and velocities one would 
encounter in the exploration of shallow coal deposits. The coal 
seams are modelled as single thin reflectors in a constant 
velocity country rock. The target seams are placed 5~ apart. 
Although the modelling is simplistic it reveals that the moveout 
one expects on the reflections is srrmll. Also note the co~lex 
interaction between the wave types especially for the shallow 
reflections. No large "window" exists for the shallow 
reflections. 
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2 • 7 SHAJ JON SE I :MI C REFLEC[ 1()\l SURVEYS OVER OOAL DEPOSITS 
High resolution seismic reflection surveys for coal have been 
carried out in the UK by the NCB since 1973 (Ziolkowski, 1981). 
The target coal seams for these surveys rarely exceed 130Qm 
(maximum depth of a rr.mdern coal mine). Opencast coal is sought 
after to a ~ximwnworking depth of only 200m; therefore the 
exploration target is much shallower. In reflection seisrr.mlogy it 
is generally rr.mre difficult to explore for very shallow targets 
than deeper ones, due to the interaction of the near surface 
reflections with refractions and ground roll events (figure 2.11). 
A recent paper by Greenhalgh et al. (1986) discusses the use 
of the shallow reflection technique over thick Perin-\a.n coals in 
the Sydney Basin, N~, Australia. Their results show the 
difficulty in obtaining high structural resolution at depths of 
less than lOOm. 
The philosophy adopted in the data acquisition stages of this 
project essentially follows that proposed by Ziolkowski & Lerwill 
(1979) and Ziolkowski (1979), with the acquisition geometry being 
scaled down for the explora'tion of the shallower target. The 
above papers discuss the problems of high resolution surveys in 
detail. The features of relevance to this project are discussed 
below. 
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The Seismic Sourc~ 
The fundrunental requirement of high resolution data is that the 
seismic source generates frequencies over a wide spectrwn 
typically up to 200Hz or rrmre. It is the presence of high 
frequencies in the data that determines the resolution. 
Dynruni te is the obvious seismic source, 
energy output rich in high frequencies in the seismic bandwidth. 
The scaling law implies that the relationship between the charge 
mass (M) and the frequency content should be: 
1 
Pulse duration is proportional to M 3 
.k 
Pulse runplitude is proportional to M 3 
Absolute spectral bandwidth of the 
.k 
proportional to M 3 
pulse 
Amplitude of the pulse spec t.rwn is proportional 
is inversely 
toM% 
The conclusion from this is that small charges mean higher 
frequencies. But in an attempt to increase resolution by using 
smaller charges, we run into the problem that small charges also 
mean less energy output and therefore less amplitude on the 
recorded reflected events. Thus small charges should be used, but 
large enough to retain a sufficient signal to noise ratio of the 
reflected events. 
The source must also be made to generate as little ground roll 
as possible. This can be achieved in theory by placing the shot 
below the surface low velocity zone. Burial of the shot also 
means that the seismic pulse only trav.els once through the highly 
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attenuating surface layers, thus increasing the high frequency 
content of the recorded signal. The medimn in which the shots are 
exploded plays a vital part in the final data quality one obtains. 
Sometimes no useful seismic high resolution reflection data can be 
obtained when shots are placed in a particular geological horizon 
(Goulty, 1983; Greenhalgh et al., 1986). 
The Receiver 
For high resolution surveys, the greatest resolution on the 
final section is achieved with single geophones, rather than with 
patterns or groups favoured in oil exploration. Geophone patterns 
and arrays act to attenuate high frequencies, so are undesired in 
high resolution surveys. 
P wave geophones are sensitive to vertical ground motion. 
Shear wave geophones used for recording the Sh arrivals are 
sensitive to horizontal ground ~tion only. The geophone must be 
able to reproduce high frequencies without distortion. Therefore 
they must have a flat response curve up to 500Hz. High frequency 
geophones are used which satisfy this requirement. These 
geophones also have an attenuating affect on the frequency range 
0-30Hz which is the typical frequency range of Rayleigh waves. 
As the technique relies upon a single geophone per recording 
point, the method depends critically on good ground coupling of 
the geophone. Knapp and Steeples (1986b) state that the geophone 
response is insensitive to geophone mass and diameter but very 
sensitive to soil firmness. The best recording results were 
achieved in their tests by using a single geophone with a long 
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spike on a scraped surface. A badly planted geophone has an 
irreparable effect on the final data quality. 
The Recorder 
The recording instrmnent must have a wide dynamic range and a 
fast response to changes in the incmning signal level. This is 
achieved by digital recording of the data. The digital sampling 
-----
rate must be such that the data is not "aliased". The sampling 
frequency must be twice the highest frequency of interest on the 
data. The recording time must be long enough to record 
reflections from the target depth range. 
Data Processing 
The objective of data processing on seismic reflection data is 
to remove (or at best attenuate) unwanted noise from the recorded 
data to enhance any reflected events that nmy be present. TWo 
kinds of noise of seismic origin that are present on land data are 
refracted arrivals and ground roll. 
Removal of Refracted Events 
The renwval of refracted events from a seismic trace is a 
relatively easy task, as refractions occur as the earliest events 
on a seisnwgram prior to most of the reflected events. The 
refractions are renwved by muting. MUting involves the zeroing of 
the digital smmples within the window of the seismic trace which 
includes the refractions. The problem encountered in shallow 
refraction surveys is the precise point where the refraction 
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events end, and the reflections begin. Both the NCB and 
Greenhalgh et al. (1986) use velocity (f,k) filtering techniques 
to suppress the first breaks. This filtering technique relies on 
the fact that the refractions appear on the comnmn shot gathers at 
a constant velocity, whereas reflections cross the CSGs at a very 
high apparent velocity. The two arrivals are differentiated on 
the basis of their velocity across the CSGs; the lower velocity 
refractions being preferentially suppressed. Unfortunately the 
software does not exist at Durhrun to experiment with the use of 
this technique on the shallow reflection data acquired during this 
project. 
Rerrwyal of Ground Roll 
In shallow reflection studies using P waves it may not be 
possible to record reflected events outside the cone of ground 
roll. In this case where the reflected events merge into the 
ground roll arrivals, then data processing must be carried out on 
the data to selectively reduce the runplitude of the ground roll 
with respect to the reflected arrivals. In P wave surveys, 
particularly in high resolution surveys where high frequencies are 
sought after, the frequency spectrum of the ground roll is much 
lower than that of the reflections and hopefully does not overlap. 
In this case ground roll can be suppressed by high pass frequency 
filtering. If their spectra overlap there will be a degradation 
of the reflected signal when the ground roll is suppressed in this 
way. In S wave surveys frequency filtering may not work due to 
the already limited bandwidth of the shear wave reflections 
(Edelmann & Helbig, 1983). NIDre sophisticated data processing 
techniques may have to be adopted such as velocity and wavelength 
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filtering . 
.Nv() Correction 
For shallow reflections, particularly with large shot to 
receiver separations relative to the depth of origin of the 
reflection, the effect of the dynmnic NMD correction will be to 
introduce a distortion or "stretch" to the recorded wavelet. This 
will degrade the resolution and continuity of events on the 
seismic section. Typically data with over 3~o to 4~o stretch 
applied to them should be muted (Knapp & Steeples, 1986b). 
CMP Gathers 
Some shallow seismic exploration projects use the optimwn 
window (corrnwn offset) shooting technique (Hunter et al., 1984; 
Singh, 1986). Those referenced projects were involved with 
imaging the single overburden/bedrock interface, where the bed 
rock usually consisted of a granite or a limestone. Therefore the 
very large velocity and density contrast between overburden and 
bedrock leads to a very large reflection coefficient (equation 
17), thus giving a high amplitude reflection. In this project, 
where we are looking at a series of reflections from a coal 
measures sequence, the common offset technique is not applicable 
and we adopted the corrnwn mid point (aMP) technique. This method 
was also adopted by a shallow seismic reflection survey carried 
out under under favourable conditions on a mud flat in the 
Netherlands where a multi-reflection section was obtained 
(Doornenbal & Helbig, 1983). 
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The seismic traces are acquired in a corrnwn shot gather fonmat 
(CSG), and the data must be sorted into aMP gathers (Figure 2.14). 
The NMO correction can be applied to the traces in the aMP gather 
which are then smnned to represent a zero offset trace acquired at 
the corrnwn mid point position. The nmnber of traces in the aMP 
gather is termed the fold of cover. The fold of cover is 
determined by the nmnber of traces in the original CSG and the 
shot point and geophone spacing. The advantage of this technique 
is that the signal to random noise ratio of the output trace can 
be improved as the square root of the nmnber of traces smnned. 
Another advantage of aMP stacking is that due to the data 
redundancy, the problem of static corrections can be handled 
statistically, thus reducing the chance of misinterpretation of 
the data due to static errors. 
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Common Shot Gather (C.S.G) 
Geological Interface 
Common Mid Point Gather (C.M.P) 
Geological Interface 
Common Mid Point Fold of cover = 6 
* Shot Point v Velocity 
• Recei.ver Location p Density 
Figure 2.14 
2. 8 STATIC CORRECfHl'llS 
The purpose of the static corrections is to re~ve the effects 
of ground surface topography and account for variations in 
thickness and velocity in the near surface low velocity zone. The 
application of the correct static corrections to the data 
simulates the placing of both sources and receivers on a datum 
below the base of the weathering zone. The corrections are termed 
static shifts because the correction is assumed to be constant for 
each trace, and is not a function of time along the trace as with 
the dynamic NMO correction. 
Static effects do not scale down with scaled down acquisition 
geometry of high resolution surveys. Static errors are ~re of a 
problem for shallow surveys than for conventional surveys. The 
~jor problem that static errors cause is that their effect on the 
final reflection section causes distortions which simulate the 
presence of apparent faulting. In fact, the threshold of 
identifiable faulting on the final section can be limited not by 
the frequency content of the data, but by the ~gnitude of the 
static errors present (Ziolkowski,t979). It is easier to generate 
high frequency data with potentially high structural resolution, 
than it is to calculate static corrections with sufficient 
accuracy to allow that potential to be realised. A static error 
of Smsecs on a seismic trace with a predominant frequency of 100Hz 
results in the trace being shifted by half its period. This 
results in it being 180 degrees out of phase with an adjacent 
trace with no static error. 
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VVaters (1979) points out that the static shift present on a 
singne seismic trace is made up of severai individual 
contributions: 
T total Tws + 1Wr + Tnmo + Td + Tn Equation U 
where; 
1\vs = Shift due to the weathering zone below the shot point. 
----
1\vr Shift due to the weathering zone below the receiver. 
Tnmo Shift due to incorrect NMO correction. 
Td Shift due to structural dip differences. 
Tn Shift due to noise. 
In shallow P wave high resolution work the NMD correction is 
typically small; therefore any errors in the correction applied 
are very small. ~en the traces are analysed in aMP gathers then 
the term due to structural dip (Td) disappears. 
Shot Static Equalization 
The shot static is unique to every shot fired in a borehole. 
This is due to the effects of ground deformation near the borehole 
from previous shots; also later shots may not be able to be 
re-loaded to the original depth due to borehole collapse. In 
small scale surveys, usually only 12 or 24 recording channels are 
available. A borehole may be required to be re-used so that the 
necessary fold of cover can be built up. In this case a single 
borehole static can be determined by ensuring that successive 
shots fired from the borehole are recorded at a corrnwn geophone 
location, i.e. by leaving one geophone in the ground when the 
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array is "moved up". Then first break times recorded at the 
cmmmon geophone for successive shots can be 
corresponding small static shift applied 
equalized, and a 
to each record. The 
records are equalized to the shot static of the first shot fired, 
as this usually has the minimum delay. 
Refraction Suryeys 
-----------
To obtain accurate static corrections for a shallow reflection 
survey, the near surface velocity structure can be determined by 
carrying out a refraction survey. If the results of the 
refraction survey yield a model of the near surface velocity 
structure, then corrections for the shot and receiver can be 
calculated for each trace. Figure 2.15 shows how the corrections 
are calculated. Figure 2.15 just gives the magnitude of the 
static shift that has to be applied to each trace, as the static 
shifts are applied to essentially take the shot and receiver to 
the datum level. Conventionally the correction is taken as being 
negative for shot points and receivers below the datum. This 
implies that any reflection event on the trace is time shifted 
toward the zero time. 
This technique will calculate any long wavelength static.s due 
to structural or velocity variations in the near surface 
weathering zone. To avoid any errors due to incorrect velocities 
used in the calculation, the datwn should be chosen as near as 
possible to the level of the shots. 
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Calculation of static corrections 
Near surface velocity structure defined by refraction survey 
A B 
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Velocity o~ Rsi1sctor 
Seismic dla~um 
Total trace static : Static5 + Static, 
NOTE 
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I 
Reciever correction = Shot corractlon + Uphole time 
First Break Plots 
This method of applying static corrections was developed by the 
NCB and is described in Rogers (1981). A plot of the first breaks 
for every seismic trace recorded during the reflection survey is 
drawn. Then least squares best fit straight lines are the fitted 
to the refraction arrivals on the plot. Any time anomalies due to 
the very near surface ano~lies at the geophone will tend to al_i~g~n ______ _ 
1-------------
vertically on the first break plot. The static correction is 
regarded as the time shift required to align all the refraction 
first b~eaks onto the best fit straight line. 
This method allows for. the calculation of high rumplitude, high 
frequency static corrections. In theory as deep a refractor as 
possible should be used, as the raypath through the weathering 
zone is nwre nearly vertical, and nearer the path of the 
reflection. Care must be taken to ensure that the same refractor 
is used along the survey line. If the refractor fades out another 
of equal depth can be used. Continuity must be ensured in the 
overlap zone. 
Residual Statics 
When the above corrections have been applied to the data then 
any re~ining static errors are termed residual statics. 
Auto~tic computer algorithims exist to renwve any s~ll amplitude 
residual statics. Their function is ~inly a cleaning up process 
to remwve s~ll amplitude residual errors. 
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aMP Aligned Statics 
~en the traces are in the aMP gather fonnat, the tenn in 
Equation 18 due to the structural dip disappears. The tenn due to 
incorrect NMO application should be insignificant in shallow 
reflection surveys. Therefore we are dealing with only the 
residual shot and receiver statics in the OMP fonnat. The 
co~uter progrmn used to apply CMP aligned static ~or3ecti~n~ was 
one initially written by Loveridge (1981), and later adapted by 
Hobbs (1985) to work on the Durhrum University processing system. 
Autorrmted statics packages make use of the cross correlation 
function to calculate the time shift between two traces. The 
cross correlation function is plotted for a window of the traces 
which contain reflection events with a good signal/noise ratio. 
The maximum value of the cross correlation function relative to 
zero delay, gives the optimum shift required to produce the best 
match between the two traces. 
Before the application <Jv1P aligned statics routines, the traces 
must have had some initial processing to remove refractions and 
ground roll, and the NMO correction must also have been applied. 
Figure 2.16 shows' how the CMP aligned statics package works. 
Firstly the traces in the CMP gather are stacked to form the pilot 
trace (the near offset trace can also be used as the pilot trace). 
Each individual trace in the gather is then cross correlated with 
the pilot trace and time shifted to form the optimum match between 
the pilot and the trace. One further iteration is carried out. 
The traces are restacked to fonn a second pilot and the traces in 
the gather again cross correlated with the second pilot and the 
- 51 -
• ... 
"' 0 
.. 
• ~ 
'E 
0 
0 
.. 
..... 
Input 
5 told CMP gather 
Band pass llttared 
NMO applied 
CMP ALIGNED RESIDUAL STATICS PROGRAM 
Stock 
~ 
--=--
-=-""~ 
? ~ , 
• Pilot 
trace 
Stock and tor• new pilot trooo 
Esch trace 
correlated with pilot 
trace ond time 
allllted to moalmum 
c orrelatlon value 
>~----- . ~· ::~:::~-:~~ "~. H~ \ 
1 
i 
Program variables 
"' .2; 
~ 
1. Chooae tracoa to Include ID the formation of the pilot trace 
2. Start time a length of correlation window 
3. llalllmum time ahlfl value (to awlod •cycle aklpplng") 
Stock 
<-.:~ 
~1-* --l ll 
further proceaalng 
• 
Outppt 
cw·-r--
s. 
~ ; 
"-$.. 
-.. 
·--. .,~ 
~ 
> ~ ~ 
AGC applied 
Figure 2.16 
optimmn time shift applied. 
The window used for the cross correlation function must contain 
pure reflections 
shift that can be 
with a good signal/noise ratio. A rrillximmn time 
applied to the traces is specified as a 
constant. This is so that ~cycle skipping~ does not occur i.e. 
misaligrunent by one or ITIDre cycles of the data. For the correct 
application of the residual NVD correction the ~_rigin~ f_!eld 
statics must be good enough so that the residual static errors are 
less than half a period of the dominant frequency in the seismic 
traces in the original aMP gather. 
This process concerns itself with the best aligrnment of traces 
in the aMP gather. No attempt is made to align adjacent gathers. 
The basic assumption that this method makes is that the residual 
static shifts in the aMP gather vary in a random manner about a 
zero mean. If this is not true, then the initial pilot trace can 
have a mean time shift applied to it. The output traces in the 
CMP gather will show optimum aligrunent with each other but will 
all contain the time shift of the pilot trace. As there is no 
consistency between adjacent gathers this can lead to random small 
time shifts between adjacent stacked gathers causing "jiggle" on 
the final section. 
Surface Consistent Statics 
~re advanced computer progrruns exist which apply "surface 
consistency" to the static shifts applied to the seismic traces. 
Firstly aMP aligned statics are computed but not applied to the 
traces. The traces are then re-sorted into the commwn shot 
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fonmat. The static shifts computed in this fonnat are independent 
of the term due to the shot static in equation 18. Likewise when 
the data are re-sorted into the connwn receiver format the term 
due to the receiver static in equation 18 is constant. 
Statistical analysis can be carried out on the three sets of 
static corrections and a surface consistent model resolved. A 
surface consistent program by Ravens (1983) existed in the 
de artment but unfortunately it was incompatible with the 
processing sequence required to process 
lines acquired during this project. 
the shallow reflection 
2 . 9 RESOLUfl 00 
In seismic exploration over coal bearing strata, resolution is 
a fundamental problem. Resolution can be defined as the dimension 
of the thinnest single bed that will have a vertical reflection 
signal equal in amplitude to the signal from a single interface 
between the two semi-infinite mediums (Ziolkowski, 1979). The 
ability of the final seismic section to resolve geological 
boundaries is dependent 
the seismic velocity of 
upon the seismic signal wavelength. As 
a particular geological situation is 
resolution achieved on the final section is invariant, the 
dependent upon the frequency content of the recorded signal. It 
is desirable to generate high frequencies at the source, and bury 
the source below the highly attenuating surface layer. The 
seismic receivers are placed on the land surface; therefore the 
recorded signal mmst at least travel once through the highly 
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attenuating surface layer. This must seriously impair the high 
frequency content of the data. Dankbaar et al. (1983) state that 
on agricultural land the signal spectrwn is cut off at about 80Hz. 
The penetration of high frequencies directly into the earth and 
the return of those high frequencies from the target horizons is 
a 1 so l imi ted by : 
1. 
2. 
Attenuation by solid friction. 
Loss of energy or change in frequency by reverberations and 
transmission losses due to the presence of rrmny 
boundaries. 
layer 
To understand the problems of resolution of the coal measure 
sequences, synthetic seismogrrun studies have been carried out (Van 
Riel, 1965; Ruter & Schepers, 1978 & 1985; De Voogd & Staudt, 
1982; Hughes & Kennett, 1983). The coal measure sequences are 
assumed to be cyclically layered, with rapidly· alternating 
acoustic impedance contrasts, with reflection coefficients of 0.5 
or greater. Even for a small number of coal seams in the model, 
interference effects result in complex seismograms. The rrmjor 
conclusions of the synthetic seismogrrun studies are: 
1. A single seam of only one hundredth of the seismic wavelength 
can produce a reflection; therefore thin beds are detectable 
and do contribute to the seismogram. 
2. Individual reflections are not visible for a sequence 
containing a great number of thin seams, due to constructive 
interference effects. 
3. Only the first two or three reflections are of prirrmry origin, 
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the rrmjority of the ~ecorded seis~grrun being rrwde up of 
energy produced from interbed multiples. 
4. A coal measures sequence acts as a high pass filter for 
reflections and as a low pass filter for transmitted waves. 
Therefore seismic data will contain low freqMency prirrmry 
reflections and strong high frequency multiples. Prirrwry 
reflections can only be detected if low frequency signals are 
used, but this means poor resolution. 
In theory it is difficult to correlate the reflections with 
individual seams. However if the seismic character remains 
constant over an area then there must be geological continuity. 
The results of the theoretical studies seem to be very 
pessimistic about the ability of the so called "high resolution" 
techniques ability to resolve fine structures such as faults, seam 
splits and washouts etc. 
A recent paper produced from the results of the NCB's practical 
experience of land reflection data (Barnett et al., 1986) seems to 
refute the results of the theoretical studies. Observations from 
real data seem to show the existence of primary energy from deep 
within the coal measures sequence. It is suggested that the 
synthetic seismogram studies fail to consider the fine detail of 
the coal measures, in particular how the coal seams grade into the 
country rock. 
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2. H> 
2. 11 
SEl ~C REFLEcriQ:.J OVER OLQ MJtNE V\ORIOJ::.!GS 
VVaters (1979) shows an exmnple of a P wave reflection line shot 
over a shallow coal serum~ thick at 200m depth (figure 2.17). 
The serum had been previously mined, and in the area of the old 
workings (where 20 to 3~wude pullars are left behind) a large 
runplitude refRection occurs at the worked horizon. This is caused 
by the large reflection coefficie~t p~oduced at the horizon due to 
the mined area being air filled. Therefore the mined area can be 
distinguished from the unmined region using the results of the 
reflection survey. However the individual pillars cannot be 
imaged using the reflection technique. 
1BE POTENTIAL OF SHEAR WAVES AS AN EXPWRATI()'I TOOL 
Conventional seismic exploration to date has mainly 
concentrated upon the generation and recording of compressional 
( P) waves. The r e i s now a g row i n g i n t e r e s t i n the u s e of she a r 
(S) waves and their use as an exploration tool. Horizontally 
polarized (Sh) waves are used in practice because they are less 
complex than vertically polarized (Sv) waves as they do not 
generate converted waves. The simultaneous recording of both P 
and S waves may be profitable because: 
"The two wave types probe the earth with different stresses and 
strains therefore they yield different information about the 
substratum" (Helbig &Mesdag, 1982). 
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SURVEY PARAMETERS 
Sourc® Pa titem : 
15 6)0Si~ions over 20m 
Reciv®:r Pa.ttem : 
20 geo[Ohones over 20m 
5 fold state~ 
6.5m Trace spacing 
Frequency spectrum 
40 to ~70Hz 
fFo~MV'® ~- ~ 71 
The ~st obvious parmneter to be ob~ained from combined 
observations is the r~tno of the two velocities. The Vp/Vs ratio 
i s a sensitive parruneter indicating changes in lithology. 
Histolrically it is custorrlliry to convert the Vp/Vs ratio to 
Poisson's ratio (Equation 4), but the veDocity ratio contains the 
srune information (Helbig &Mesdag, 1982). 
~at advantages does the recording of shear waves have in 
shallow seismic exploration? 
Shear Wave Refraction 
Combined small scale P and S wave refraction studies have been 
used in engineering site investigation studies in order to 
detennine the Poisson's Ratio and Young's modulus for rocks in 
situ. These have been carried out during the surveying and 
planning of major civil engineering projects; such as dams 
(Evison, 1956; Morris & Abbiss, 1979; Davis & Schultheiss, 1980). 
The use of shear waves in shallow refraction exploration has 
two major advantages: 
1. The velocity ratio Vp/Vs for consolidated rocks is between 1.5 
and 2.0, whereas the ratio for unconsolidated rocks have even 
been observed up to 9.0 (Stumpe] e t a I . , 1 9 8 3 ; We i s t & 
Edelmann, 1984). Therefore this means that for an 
overburden/rockhead exploration target, the velocity ratio 
between consolidated rockhead and the unconsolidated 
overburden can be four times greater for shear waves than for 
P waves. This increased ratio has a dramatic effect on the 
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relative cri~ical angles in refraction studies. Xn shear wave 
exploration the cri~ical angles are srrmll compared toP waves 
in the srume situation. ~11 critical angles lead to higher 
resolution of high relief structures using delay time 
interpretation techniques. 
2. As shear wave ve~ocities are unaffected by water infill of the 
rock pores, the water table will not act as a refracting 
surface for shear waves and therefore complicate any 
lithological interpretations. Thus, they provide a better 
correlation between the velocity and (solid) lithology 
(Stmnpel et al., 1984) . 
. Shear Waye Re.flection 
The ability of the seismic reflection technique to resolve thin 
dependent upon the seismic wavelength. 
are typically 1/2 to 2/3 of the P wave 
geological horizons is 
Shear wave velocities 
velocities for consolidated rocks, so the shear wave wavelengths 
are srr.mller for S waves than P waves if the frequency content of 
the data is the srune. 
Results produced by Russian geophysicists indicate that the 
frequency ratio between P and S waves over an 
is typically 1.4 to 2.0 (Edelmann & Schmoll, 
exploration target 
1983a) Therefore in 
reflection studies over consolidated sediments with small Vp/Vs 
ratios the wavelengths for P and S wave records are roughly the 
srune. Only when the Vp/Vs ratio substantially exceeds 2.0 can 
shorter wavelengths, and 
expected. This becomes 
consequently a greater resolution, be 
possible, particularly in young near 
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surface sediments (Edel~nn & Schmfllil, 1933b). As the velocity 
ratio be~ween unconsolidated ~nd consolidated sediments is greater 
for S waves than P waves, then the reflection coefficient 
(equation 17) must be greater for S waves than P waves in this 
situation. 
The disadvantage of shear wave reflection studies is that shear 
waves are ~re difficult to generate, record and process than P 
waves because: 
1. Shear wave reflections are always contruninated by Love waves 
and the two wave types must be separated by data processing 
techniques. As their frequency spectra frequently overlap, 
the two wave types cannot be easily separated. Shear wave 
reflections may only become apparent after sophisticated data 
processing techniques such as velocity (f,k) filtering have 
been applied. 
2. As a result of lower velocities relative to P waves, S wave 
3. 
reflections exhibit considerably larger normal moveouts, 
therefore requiring correspondingly larger dynamic corrections 
for the stacking procedure. 
Due to the fact that the critical angle 
small for shallow reflection studies, 
for 
the 
she a r wave s i s 
window of sub 
critical reflections is small, and beyond the critical angle 
180 degree phase shifts occur and impair the stack if they are 
included. 
4. Static corrections for S waves are much greater than for P 
waves, by a factor of up to 6. They require separate analysis 
as they often bear no resemblance to the P wave static 
corrections. 
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OJAPTEILTIJREE 
FlEW EQUUMENf & l>McrJCAL_ ASPECfS OF DATA PROCESSING 
3 • n FIELD JEQUHMENT 
The original aim of this project was to carry out seismic 
refraction and reflection surveys with both co~ressional (p) and 
horizontally polarized shear (Sh) waves. The only differences in 
the field work for reflection and refraction surveys is the 
acquisition geometry. The survey hardware 
techniques. 
is co~n to both 
P Wave Source 
Throughout the seismic project the P wave source used was 
explosive. A variety of different source types was used over the 
three seasons of fieldwork, from srrwll electric detonators to 
charges made up with 2oz sticks of gelignite (plate 3). The 
gelignite sticks could be cut, or taped together to produce the 
required charge strength. The use of explosives rrwy be less 
economic than generating p waves by hitting a metal plate for 
shallow surveys. Explosives, however, guarantee the recording of 
data with a high signal/noise ratio rich in high frequencies. The 
high frequencies enable the picking of the first breaks in 
refraction work to a high accuracy. 
In refraction work the charge was buried at a depth of 1.5m 
below the ground surface in a shot hole. The shot holes were made 
by hitting a ~steel stake into the ground using a sledgehrunner. 
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A burial depth of ].Sm is sMfficie~t to prevent a 2oz charge from 
causing a the holle to ~blow out~ which results in M~~ecessary 
d~ge to the survey field. Aln shots were trumped using water 
carried in a srrllill bowser. 
For Feflection suFveys a variety of s~ot holle depths were Msed 
throughout the project. Ziolkowski (]979) showed that for optimmn 
data quality, it is desirable to bury the shot as deep as 
possible. This then limits the production of unwanted ground roll 
and retains high frequencies in the recorded data. Obviously for 
a project of limited economic budget there is a threshold to the 
amount and depth of drilling one can carry out. A variety of shot 
depths was used for the reflection surveys, ranging from standard 
l.Sm holes to deep fun shot holes. The deep shot holes were 
drilled using the departmental Victor Products waterflush drill 
(see frontispiece). At one site a single reflection line was 
drilled using a commercial rig, which was being used in the course 
of conventional borehole exploration by the Opencast Executive. 
The rig, using a single rod, drilled twelve holes to 6m depth In 
only three hours, whereas using the Victor Products drill at 
another site it took three days to drill the same nwnber of 
boreholes to the same depth. 
S Wave Source 
The S wave source used throughout the project was based one 
originally used by Hasbrouck (1982). The method of shear wave 
generation is termed "horizontal hrummer" by Edelrrmnn & Schmoll 
(1983a). The source consists of a two-legged stand which is 
firmly hrummered into the ground. The operator then generates 
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. Plate 3 P wave source 
Seismic detonator and 2oz stick of gelignite 
Plate 4 S wave source 
Shear wave stand with operator 
shear waves by standing on the source and swinging a sledgehammer 
so that the stand is hit perpendicular to the strike of the survey 
line (plate 4). The source is portable but has a low power 
output. To obtain records with a good signal/noise ratio, 
successive hrunner blows must be swmmed. Trials were also carried 
out ~sing a large pendulmn hrumner and a larger stand. Although nt 
increased the amplitude of the recorded signal !by a factor of 1!.8, 
it was discarded due to its lack of portability. 
The source is also not a pure generator of Sh waves. P waves 
sometimes appear on the field records as coherent noise precursors 
to the S wave arrivals. A field procedure can be carried out to 
attenuate any P wave arrivals. Edelmann & Schmoll (1983a) term 
the procedure the ±Y method. Firstly a nmnber of hllinner blows are 
given to one side of the stand and the Sh arrivals recorded using 
geophones orientated parallel to the direction of the hmnner 
blows. The geophones are then rotated through 180 degrees and the 
stand hit with the same nmnber of blows as previously, but this 
time on the opposite side of the source. The net effect of this 
is that the shear waves are always recorded with the srume 
polarity, whilst the P wave arrivals are recorded with opposite 
polarity, thus they destructively interfere and cancel out to near 
zero amplitude (figure 3.1). 
Receivers 
The compressional and shear wave receivers used throughout the 
duration of the fieldwork were commercial (Sensor) wide band, 
digital grade miniature geophones. Vertical geophones were used 
to record the P wave data and horizontal geophones orientated in 
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the transverse direction were used to record the horizontally 
polarized shear waves (plate 5). The geophones have a natural 
frequency of 30Hz and have an attenuating effect on frequencies 
below 50Hz (figure 3.2). This effect is useful in recording the P 
wave refiection data as it helps to attenuate the unwanted low 
frequemcy ground roll in the field recording. 
During the course of our survey work it was noticed that taking 
care with the planting of the geophones can improve the data 
quality appreciably. The rrmin source of non-seismic noise on the 
seismograms comes from the wind causing motion of the geophone 
casing. This wind-related noise is much more noticeable during 
shear wave recordings due to the fact that the geophones are 
recording horizontal motion. On windy days the data quality can 
be improved by digging srrmll pits for the geophones and using the 
extracted divots to weight down the geophone leads. 
The geophones are linked to the recording system via a 12 
channel geophone cable. The cable has connectors at each end for 
operational ease and the geophone take-outs are spaced at 10m 
intervals. 
Recording System 
The recording system used for the field surveys was a Nimbus 
ES-1210F enhancement seismograph (plate 6). The system has twelve 
individual recording channels each with its own gain and filter 
settings. The filters allow for the rejection of undesirable 
frequencies from the data. Figure 3.3 displays the response curve 
for a 100Hz high pass filter setting which was used to record some 
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Plate 5 Receivers 
Vertically and horizontally mounted geophones 
Plate 6 Recording__ system 
Nimbus ES-1210F enhancement seismograph 
with EG&G DMT-911 digital tape recorner 
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of the reflection data during the course of the fieldwork. A 50Hz 
.,notch" fiUter is also avaiRable to remove mains pickup in aJreas 
with overhead power cables. The Nimbus recorder has the facility 
of Jrecording data over incremental time intervals from 50 to 
2000msecs. The incoming signal is passed through an AID converter 
which outputs a binary nwnbeJr proportional to the input volltage. 
The digital seismic signals are stored in the solid-state memory 
wh_i_c_h_ h~024 sampJ~_s___E_er_ tr~~~ ._ The <!IDI>_l i f_i e_r_gi!Jns _gn __ the ____ _ 
Nimbus were set as high as possible to take full advantage of the 
dynmnic range available. Care must be taken not to saturate the 
signal, that is, when the largest voltage is too big for the AID 
converter which outputs its largest possible digital nwnber. 
Saturated or clipped signals appear as square waves rather than 
sinusoids (Knapp & Steeples, 1986a). 
The enhancement feature of the Nimbus allows successive seismic 
signals from a nwnber of hrunner blows to be swnned in the internal 
digital memory. The signal stored in the memory is displayed on a 
built-in CRT monitor either as wiggle traces or as variable area 
wiggle traces. A pennanent record can also be made via an 
ocillograph which reproduces the CRT display on electrosensitive 
paper. Figure 3.4 displays typical P and S wave records that were 
produced during the course of our fieldwork. 
The Nimbus is triggered to begin recording by an electrical 
signal which may be produced in a variety of ways. For P wave 
work the firing box used to detonate the explosive also sends a 
voltage pulse to the Nimbus via an interconnecting wire. For S 
wave surveys a geophone is placed directly adjacent to the stand. 
On impact with the stand by the sledgehrunner the geophone produces 
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.Ixpical Refraction Fjeld Records 
Output from Nimbus Oscillograph 
Pwave 
------ ·---- ~ - ~ ~. . -. ----
S ytgye 
3m Geophone spacing 12 channels 
I 
I 
100 msec ~r'cord 
2oz Dynam ~te charge 
200 msec lrecordl 
10 stacked! hammer b~ows 
II 
Figure 3A~ 
a sharp voltage pulse which triggers the Nimbus to commence 
recording. 
For reflection surveys further computer processing of the field 
data ns required, so a means of data transfer has to be available. 
A dngitali rrmgnetic tape recorder support for the Nimbus was 
obtained for the project (EG&G Geometries model DMrr-911). This 
portable recorder stores each 12 channel file after each shot has 
been taken. The individual records are recorded in an IH\.1 
compatible SEG-D de-multiplexed format on 1600bpi, 1/2inch tape, 
the sample values being stored in a 2 byte quaternary exponent 
fonn (see appendix D). As the tape is IH\1 compatible it could be 
removed from the recorder and transferred directly to the tape 
drives of the university's ~C computer system for further 
processing. 
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3. 2 PRACTICAL ASPECIS OF DATA PROCESS IN! 
Refraction Computer Progrruns 
FoT all the Tefraction lines surveyed during the couTse of this 
project (p and S wave), the data were not recorded on ~gnetic 
records were obtained via the Nimbus 
ocillograph. The first break positions on each record were picked 
by hand and the traveltimes calculated using a rule and a pocket 
calculator. 
Each complete data set was then transferred to a computer file 
on the university's ~C system. Plots were then ~de of the 
traveltime data using the Easyplot graphics package. The plot was 
then inspected and each data point was assigned to a direct 
arrival or a refracted event. This is a very important process, 
as any errors at this stage can have disastrous results. As well 
as using gradient changes as an indicator of refracted arrivals, 
the original field records were used to observe the seismic 
character as a means of identifying direct and refracted arrivals. 
After this stage had been completed a phantomed reversed 
t ravel time graph was drawn for each refractor (Lankston & 
Lankston, 1986). A computer data file containing the digital 
values of the phantomed data was produced. 
A suite of Fortran computer progrrums was developed by the 
author to process the phantomed refraction data using the 
Generalized Reciprocal Method (Palmer, 1980 see appendix B). 
The initial data file contains info~tion on the peg nmnber, 
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fonHard traveltimes, reverse tFaveltimes, peg spacing, reciprocal 
~ime ancl the range of XY spacings required. Four progrruns were 
developed to complete the processing sequence, each one being used 
in turn, with new infonnation being added to the data file after 
the termination of each run. The progrruns utilise the Easyplo~ 
graphics package. The four programs are as follows; 
RECIPV - This program calculates the velocity function for a 
range of desired XY spacings. The optimmn XY spacing is chosen by 
inspection, or from the results of a previous Plus-Minus 
interpretation. The program outputs a graph of the results, as 
well as a data file containing the digital values. 
RECIPL - After inspection of the velocity function graphs, each 
graph is broken down into individual l i n e a r s e gme n t s . Th i s 
program fits a least squares linear regression line to the data 
and calculates the velocity of the chosen segment, as well as 
giving an estimate of the error in the velocity (due to the 
scatter of the data points ; Barefoot, 1967). 
RECIPP - This program calculates the time depth values for the 
optimmn XY spacing. A value of the refractor velocity obtained 
from RECIPL has to be added to the data file prior to the running 
of this progrrun. The program outputs a graph of the results as 
well as a data file containing the digital values. 
RECIPD This final program in the suite converts the time depth 
values obtained from RECIPP into depth. The values for the 
overburden and refractor velocities have to be added to the data 
file containing the time depth values. Allowance can be made for 
lateral variations of velocity. A graph of refractor depth is 
output by this program. 
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JR e fl e c ~ i on Comp u t e r r r o g.J:l!IDA. 
At the beginning of this project in 1982 no facilits existed to 
process land seismic data at Durhrun University. The seismic 
processing system at Durham had only been used to process ~rine 
seismic data up to that time. Software needed to be WTitten to 
link the SEG-D fo~t data output on magnetic tape by the Nimbus, 
~~~t_o_the seismic processing syst~m_\Vhi~could_ only handle SEG-B 
fonnat field tapes recorded in a consistent sequence or sorted 
SEG-Y tapes. As the departmental processing system was being 
heavily used at this time by an ongoing marine seismic project, 
the author had to develop the necessary software on the 
university's ~C system. 
The processes that needed to be carried out on NUMAC were tape 
translation, trace sorting, trace editing, application of the 
field static shifts and mute. Four Fortran 77 computer programs 
were developed to carry out the above processes (figure 3.5). 
TAPEDUyiP This progrrun reads the field tape and renmves the 
digital values of each seisnmgram from it (no information is 
recorded in the header blocks by the Nimbus recorder). The 
program translates the digital values from the 2 byte quaternary 
exponent form in the SEG-D fonmat, to the IBM two's complement 
fonnat required by ~C. The program outputs the whole data set 
containing the digital sample values on the field tape on to a 
temporary disk file as a one dimensional array. Each separate 
trace contains 1024 sample values, with a maximwn rumplitude range 
of +511 to -512 (10 bits). 
- 68 -
SORTPROG l'h is is an interactive progrrum which outputs a 
nmnerical data file used to sort the data into either a CSG or aMP 
fonnat. The progrmn allows for a variety of data acquisition 
geometries in the sort procedure. Each seisrrwgrrum is indexed loy 
its origina] file and record nmmher. The value of the shot to 
IDITSORT This also is an interactive progrrunwhich allows the 
data file produced by SORTPROG to be edited. Infonnation can be 
added to include an offset-dependent mute function and individual 
trace static shift values. The program allows for the editing of 
individual traces or traces with a corrnmn offset or traces with a 
c onn10 n o r i g i n a 1 f i 1 e n umb e r . 
SEGDSEGYMS - This final progrrun in the suite inputs data from 
both the SORT data file and the temporary disk file containing the 
se~grrun digital values. The program makes use of the direct 
access cornnmnd available with Fortran 77 (Nrunro, 1982). This 
corrnllind allows the progrrun to jwnp immediately to the desired 
record on the disk file, instead of having to count the records 
from the beginning of the file. This makes a dramatic improvement 
to the time required to carry out the sort process. 
Subroutines within the program carry out the mute function 
application and the muting of the digital samples containing the 
direct and refracted arrivals. The sorted tape is finally output 
in SEG-Y format on digital tape. 
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The SEG-Y tape is rrllinually transferred between the two computer 
systems. As the NUMAC ~chine ns an ~BM and the departmental 
PDP-11/34 is a DEC rrmchine, the two being incompatible, the first 
process to be carried out on the tape is one of "byte swapping" so 
that the tape can be read by the DEC rrmchine. A progrrun developed 
by Hobbs (U985) was used. After this process has been carried out 
the tape is ready for further data processing using the software 
available on the seismic processing system. 
Reflection Processing Sequence 
The time series analysis options that were used to process the 
shallow reflection data acquired during the course of this project 
are as follows; 
1. Trace editing 
2. Mrute application 
3. Band pass frequency filtering 
4. Trace equalization 
5. NMO correction 
6. CMP aligned statics 
7. Stack 
8. Time ramps 
9. Autorrmtic gain control 
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Processes 1 and 2 are caJrried out on NU\1AC, whilst processes 3 
to 9 aJre carried out on the Durhrun University seismic processing 
system. A full description of the available software is given in 
Hobbs (U98S). The relevance of these processes to shallow land 
seismic data is given below: 
Trace Editing 
----------
Very noisy seismic traces or dead channels are edited out of 
the data set as the very first process which is carried out. The 
unwanted traces are identified on a playout of the complete data 
set. As the fold of cover of shallow land data is low {typically 
4 to 6), the inclusion of noisy traces in the stack can 
significantly impair the data quality. 
Mute Application 
As stated previously, the mute function is applied to zero out 
any direct or refracted events at the beginning of each seismic 
trace. Nonnally the mute is applied down to a time specified as a 
function of trace offset, and this function follows the refracted 
arrivals. The mute function has a half cosine taper at the end to 
avoid introducing spurious high frequencies into the traces. 
A feature seen on shallow land seismic data recorded during 
this project is the inconsistency between shots. Some records 
display trains of events following the first break arrivals at the 
same velocity. These have been called reverberant refractions 
(figure 3.6). The two CSGs displayed are from the s arne s e i smi c 
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line, the shot points being a rrilltter of meters apart. CSG(A) 
displays a clean refraction first break, followed by reflection 
events obeying the hyperbolic moveout one would expect. CSG(B) 
displays a train of events of up to 1 cycles following after the 
first break at the same velocity as the refraction. Clearly these 
are not reflections. 'fhe occurrence of the reverberant 
refractions appears to be related to the ground conditions 
-----L~ __ inm_ edi_a_!ely s_u~rounding t~!.~~o__!: __ p_oil!_t. The mute function has to 
be adjusted for each CSG to re~ve such events. 
Band Pass Filtering 
The band pass filter available on the Durham University 
processing system is a zero phase filter with half cosine taper 
ends as shown in figure 3.7. The filter is described by the four 
frequency values fl,f2,f3 and f4. The filter is designed and 
applied to the seismic traces in the frequency domain. Care was 
taken not to design too narrow a pass band or too short a taper, 
because this causes instabilities in the filter and results in 
"ringing" on the output seismic trace. 
The band pass filter is used to attenuate ground roll on the 
seismic traces. The optimwn filter Is one which effectively 
re~ves the low frequency ground roll, whilst not impairing the 
reflection events. A value for the peak frequency content of the 
events can be detennined by carrying out spectral analysis on 
individual traces. Separate traces containing primarily ground 
roll or reflections are analysed. Each trace is converted to the 
frequency domain and a plot of the amplitude spectrum is made. To 
obtain the optimmn filter coefficients is a matter of trial and 
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error. Tests are carried out using a variety of fil~eFs on CSGs 
(figure 3.3}. Note if the high runp!itude ground roll is 
clipped on the raw field data, this introduces spurious high 
frequencies into the ground roll which cannot be distinguished 
from reflections by band pass fil~ering. Such traces have to be 
A time variant band pass filter is also available. This is 
used to highlight near surface high frequency components, whilst 
allowing lower frequencies into the data with time to compensate 
for absorption effects. 
Trace Equalization 
This process is used to balance the energy or mnplitude between 
traces In each aMP gather, mainly to account for an1plitude 
variations due to shot point inconsistencies. The traces are 
normalized so that their maximum mnplitude is unity or to a unit 
~ energy. The process can also be applied as a cosmetic process 
prior to plotting. This process is not carried out if relative 
mnplitude studies are required. 
:NvD Correction 
The NMD correction Js applied to account for the effect of 
hyperbolic DIOveout of the reflection events due to non-coincidence 
of shot and receiver (equation 12). 
The stacking velocity required for the correction must be 
determined by a separate process. Velocity information rrmy be 
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avaiRable from a refraction survey, fromwhich values of stacking 
velocity nillY be calculated. Conventional velocity analysis 
techniques using semblance 
land data, due to the low 
values are not applicable to shallow 
f o 1 d o f cove r , sma 1 l move out s and 
residual s t a t i c e r r or s t lll a t rna y be pre s en t li. n the d a t a . The 
me~hod adopted to determine the correc~ stacking veloci~y for the 
final stacked section was to chose arbitrary stacking velocities 
an~_j:_ack se~_!jons 9f the I ine known to cont<!_in __ g_Eoc!~ata quality. 
The correct stacking velocity produces the largest primary 
reflection mnplitudes on these trial panels. 
aMP Aligned Statics 
The theory of the OMW aligned static technique was described in 
the previous chapter. The parameters required for the practical 
application of the process are: 
1. The autocorrelation window (start time and window length) that 
is used to determine the static shifts. The window must only 
contain reflection events with a high signal/noise ratio. 
2 . The rna x i mmn s h i f t v a l u e ( i n ms e c s ) t h a t i s t o be a p p 1 i e d t o 
the traces so that "cycle skipping" is avoided. This is 
particularly important for shallow data where the 
appears monochromatic. 
The parameters used ~n the routine are described as; 
seismogram 
window start time (window length) +1- maximmn shift value (msecs) 
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Stacldng_ 
The stacking process swns the traces together in each aMP 
gather after NMD corrections and the optional~ aligned statics 
have been applied. 
Time Ramll 
In order to enhance signal mmplitude progressively down a 
trace. a time varying gain function is applied to the trace. For 
shallow land data. a gain function proportional to the square of 
the traveltime is often found to be suitable for ~king each trace 
~re stationary. A function based on time and stacking velocity 
can also be used to compensate for geometrical spreading. 
Automatic Gain Control 
Using the AGC, the signal amplitude along the trace is adjusted 
in such a way that the energy contained within a window of the 
trace is equalized. The window length is variable. This is 
essentially a cosmetic process which can be used before plotting 
the final seismic reflection section. 
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STANLEY M>SS SITE N>. l 
S~anley ~ss is situated between the viilages of Stanley Crook 
and Sunnisnde in Coun~y Durhrum. The exploration phase has been 
completed by the Opencast Executive at this site using data 
gathered f!_~m bo_r~ho~ drilled on a __ de~s~ 30m_grid~a_ttern._~The 
site is a single flat large field, and the subsurface geology 
consists of near horizontal coal measures covered by a thin veneer 
of glacial drift only some 3m in thickness. 
This site was first investigated using seismic techniques as 
part of an M.Sc. dissertation in the smnner of 1982 (Chester, 
1982). The target of investigation at this site is a fault which 
crosses the prospect with a roughly east-west trend, and has a 
throw of approxirrmtely 5m to the north. The fault cuts the Harvey 
coal serum at 20m depth. This coal serum appears to have been 
worked only on the south side of the fault. The Tilley coal seam, 
at a depth of 40m, is worked on both sides of the fault. From the 
borehole inforrrmtion it is believed that the Harvey workings have 
now sloughed in. 
The results of Chester's work established two rrmin conclusions. 
Firstly, using both the P wave and S wave techniques, no reflected 
arrivals could be seen on the raw field records. Therefore this 
ruled out using the reflection technique as a means of locating 
the fault. Secondly, observing the first break infonnation, only 
one refractor appeared on both the P and S wave profiles, even 
when large shot to geophone offsets were used. 
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The results of the refraction profiles shot by Chester were 
' 
inconcnusive in locating the target fault. This was due to the 
fact that no attempt had been ~de to use the Plus-Minus technique 
on the reversed traveltime graphs to enhance any velocity or depth 
anorrwlies associated with the fault. 
The observatiom of anonmlies originating from the refractor on 
raw time distance data is very difficult in an area where tlhe 
overburden consists of glacial drift nmterial. This can be due to 
variations in surface topography, the thickness of the near 
surface soil layer, or the inhorrmgeneous nature of the drift which 
rrlliY exhibit a variable seismic velocity. These features can 
result in the application of random srrllill time shifts to the first 
break data points, which tend to mask any anomaly that rrlliY also be 
present due to a faulted refractor. 
Suryey Results 
In November 1982 some initial reconnaissance work was carried 
out at the site. Shots were fired into a single 12 channel 
geophone spread straddling the proposed fault location, using a 
geophone spacing of Sm. Small explosive shots were fired into the 
geophone spread from both ends using a variety of shot to first 
geophone offsets. Figure 4.1 displays some of the results of 
these trials. 
The results of this survey again show that the refracted 
arrivals display distinct parallelism, even using a shot to 
geophone offset of 200m. This result affirms that there is only 
one refractor which can be profiled for both P and S wave methods 
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this site. Analysis of the results using the Plus-Minus 
technique ~eveal a change in refractor veloci~y as the fault 
location is crossed. No rrmjor anorrmly was apparent in the 
refractor depth. nt was then thought that this result warranted 
fu~ther investigation. In the sp~Jing of 1983 fM~the~ work was 
carried out at the site. A series of snx P wave nines we~e 
recorded, three S wave lines were recorded and th:ree further S 
wave lines were also compiled by re-analysis of Chester's (1982) 
data. 
Figure 4.2 shows the location of the seismic lines with regard 
to relevant borehole locations. The lines were shot from north to 
south and are centrally located on the proposed fault positions. 
From previous work we knew that only one refracted arrival could 
be recorded at this site. Therefore a minimmn offset of the shot 
to first geophone could be calculated such that no direct waves 
appeared as first breaks, while allowing the refracted first 
arrivals to be recorded with high signal/noise ratio. The lines 
were profiled using the optimmn offsets of 30m and 45m for S and P 
waves respectively, with a 3m peg spacing, nwving up ten geophones 
at a time, leaving a two geophone overlap between adjacent 
spreads. This means that any effects due to shot statics could be 
accounted for. A phantomed traveltime graph was built up in bot'h 
the forward and reverse directions. Figure 4.3 displays the 
resultant graph for line 1 with both P and S waves. From these 
graphs it is clearly difficult to pick any anorrwlies originating 
from the faulted bedrock. 
~en the Plus-Minus analysis technique was employed on the 
reversed refraction lines, it became apparent that there was a 
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change lin velocity visible on the minus graphs, indicating that 
there lis a refractor of differing seismic velocity on each side of 
the fault. Figure 4.4 displays the velocity analysis techniques 
applied to the data acquired from line 1 P wave. The minus graph 
shows a ve!ocity of 2109rnVsec to the north of the line and a 
velocity of 1565mJsec to the southern end of the li~e. To further 
enhance this velocity contrast, a reduced minus graph was plotted 
by subtracting a gradient of U/2000mJsec from the minus graph. 
The abrupt velocity change now becomes ~gnified. Further 
analysis was then carried out on the velocity information by 
producing a graph of interval velocity along the profile using a 
rolling least squares fit to eight data points on the minus graph. 
These types of analysis were carried out on all the seismic 1 i ne s 
for both P and S waves. 
Using the plus time data and a value for the overburden 
velocity calculated from data collected using short refraction 
spreads, the depths to the respective P and S wave refractors were 
calculated. The depth to the refractor calculated from the S wave 
surveys varies about a value of 3m. This depth corresponds to the 
drift/rockhead interface observed from the borehole data. The P 
wave refractor appeared to come from a depth of 6m. I t l s 
postulated· that this depth corresponds to the base of weathering 
of the Coal Measures below rockhead. The distinction between 
these two refracting horizons is confinned by the fact that the P 
and S wave plus time graphs show different forms along the srume 
profiles. 
Using a value for the S wave velocity of the overburden of 
160m/sec and the calculated plus times, profiles of the drift 
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cover thickness were calculated along seismic Rines 1, 2 and 1 
~figure 4.5). The results show good agreement wnth the drift 
thickness values obtained from the borehole infonnation. 
Figures ~.6 to ~.]] display the finaR results from the 
Plus-Minus analysis of each of the six seismic lines aRong with 
the respective geological cross sections which include the 
proposed fault position for each line as located using only the 
borehole infonmation in each case. Distinctive features in the 
plus and minus graphs from each line are noted below: 
Line 1 Figure 4.6 
P wave minus graph -A distinct change in velocity can be seen 
from 2R09rrVsec in the north to 1565mJsec in the south, the 
location of the velocity change is 10m north of the proposed fault 
position. 
S wave minus graph -A well defined change in velocity can be seen 
from 895mJsec in the north to 750mJsec in the south, the location 
of the velocity change is l]m north of the proposed fault 
position. 
Plus graphs The S wave plus graph shows a step in refractor 
depth in the vicinity of the proposed fault location. 
Line 2 Figure 4.7 
P wave minus graph -The results are more complex than line 1, the 
reduced minus graph displays three velocity se~ents 2353,1833 and 
1657mJsec (north to south). The transition from 1833 to 1657mJsec 
takes place over a low velocity zone ~wide~ to the north of 
the proposed fault location. 
S wave minus graph - Three velocity se~ents are again seen 953, 
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~54 and 752 rnlsec along the lline. A ~m wide low velocity zone is 
again apparent approxinmtely 4m north of the proposed fault 
nocation. 
Plus graphs -No clear anomalies are present. 
!Jne 3 Figure 4.8 
P wave minus graph - Three velocity se~ents are apparent on the 
reduced minus graphs 2282, 1468 and 1762 mVsec from north to 
south. There is a l~wide anomalous zone in the reduced minus 
graph 8m to the north of the proposed fault location. 
S wave minus graph A clear velocity contrast from 920 to 
726mJsec is located at the proposed fault. 
Plus graphs - The P wave plus graph shows a region of refractor 
deepening coinciding with the velocity anomaly. The S wave plus 
graph displays a step in the vicinity of the fault. 
Line 5 Figure 4.9 
P wave minus graph - Three velocity segments are apparent on the 
reduced minus graphs, 2151,1787 and 1485mJsec. The transition 
from 1787 to 148SmJsec is located 3m to the south of the proposed 
fault location. 
S wave minus graph - The graph reveals a change in velocity from 
920 to 593mJsec on each side of the fault, separated by a zo~e 25m 
wide of fluctuating velocity value. 
Plus graphs -No clear plus time anomalies are present. 
Line 6 Figure 4.10 
P wave minus graph A refractor velocity in the north of 
2072mJsec is separated from a value of 1722mJsec by a broad region 
of fluctuating lower velocity. The transition from the 2072mJsec 
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to the low velocity occu~s Sm ~o ~he no~th of the p~oposed fault 
location. 
S wave minus graph A 6mwide low velocity zone separates a 
velocity of 868mJsec in the north from velocity of 738mJsec in the 
south centred ~to the north of the proposed fault Rocation. 
Plus graphs - The P wave plus graph displays an ano~llous increase 
in the plus times spanning the proposed fault location.This ~Y 
indicate a deepening of the zone of weathering around the area of 
the fault along this seismic line. There are no ano~lies in S 
wave pIus t ime s . 
Line 7 Figure 4.11 
P wave plus graphs - TWo velocity segments of 1826 and 1465rrVsec 
are separated by a l~wide zone centred at the proposed fault 
location. The P wave refractor velocity to the north of the fault 
1 s less than 2000m/sec, th j s Is the only line on which this 
occurs. 
S wave plus graphs - A refractor velocity of 957mJsec in the north 
IS separated from a refractor velocity of 759mJsec in the south by 
an area of fluctuating intermediate velocity, a 1Om wide I ow 
velocity zone is located at the proposed fault. 
Plus graphs - Both plus graphs display fluctuations none of which 
occur near the fault. 
Figure 4.12 displays the fault location picks calculated from 
the seismic results. The trend of the fault is ~pped out across 
the prospect (with error bars). The fault positions located by 
the seismic results are mainly consistent with those proposed from 
the dense borehole grid, with the exception of line 1. Line 1 
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gives clear velocity anomalies on both the lP and S wave graphs at 
t he s ame p o s i t i on , s o t he fa u t t 
degree of confidence. 
liocation is llrul.de with a high 
By analysing the interval velocity curves produced by lleast 
squares analysis of the minus graphs (figure ~.~), a contour plot 
of the refractor velocity for both P and S waves has been produced 
(figures 4.n3 & 4.n4). Both figures display the decrease in the 
refractor velocity from north to south across the site as the 
fault is crossed. There is also a decrease in the lP wave 
refractor velocity north of the fault on seismic line 7 toward the 
west. 
The velocity contrast on both sides of the fault could be due 
to a difference in the lithology at rockhead on both sides. There 
is evidence for this, in that sandstone bands only appear at 
rockhead to the north of the fault along lines 2 and 3 due to the 
fa u l t t h row i n g down t o t he no r t h , b u t t he band s do no t o c c u r no r t h 
of the fault along the western seismic lines. 
A second explanation for the velocity contrast at this site may 
be due to the old workings in the Harvey seam at 20m depth to the 
south of the fault. The subsequent sloughing 111 of the old 
workings may have caused fracturing of the overlying strata 
upwards. towards rockhead. This may have resulted in a lowering 
of the seismic velocity of the strata at rockhead, therefore 
providing a contrast in velocity with the unfractured rockhead 
north of the fault. However the Tilley seam at 40m depth is 
worked on both sides of the fault, 
effects over the whole area. 
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therefore giving subsidence 
t 
Figur .18 
4.14 
j __ 
Some con c l u s i on s rna y be drawn lf rom ex p e 1r i en c e g a R ned a t t h i s 
site. The refraction technique has been used to locate a faulted 
rockhead, due to a contrast in the refractor velocity on both 
sides of the fault. Along some of the seismic l in e s there has 
been an associated step in the refr~ctor depth. 
One problem is that the velocity contrast is not as abrupt as 
it might be, so the fault ~y only be seen as a zone of low 
velocity of a finite width. A second problem is that more than 
one anomaly may be present along a seismic line, a second anomaly 
may be caused by geological subcrops at rockhead. Therefore the 
technique can only be used to locate the fault position at this 
site 1n conjunction with borehole information. 
It is difficult to compete with the accurate location of faults 
when the borehole spacing is only 3~. Any fault location carried 
out using the seismic refraction 
or four data points (with a 3m 
technique has to be within three 
peg spacing), to achieve an 
appreciable increase in resolution of fault location. 
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BARLEY H~LL S]l'EN0.2 
Barley Hill lies 10km to the north west of the town of Consett, 
just within the southern boundary of the County of Northwnberland. 
The Barley Hill site is a prospective opencast site and was in the 
1 
_________ v_ery early stages of exploration in June 1933 wh~~-~s_i~_was __ _ 
first visited by our seismic survey temm. 
The coal serum sequence at this site includes the Ganister Clay 
to the Threequarter serum. These are the very lowest workable coal 
serums 1n the Lower Coal Measures series 1n the NN Durhrum 
coalfield. This basal coal seam sequence 1s underlain by the 
thick (300m) Millstone Grit series which consists predominantly of 
sandstone with some shale horizons and overlies the major 
limestones of the Lower Carboniferous. 
From the early borehole results obtained at this site, it 
appeared that the strata were cut by a north-south trending fault 
with a downthrow of some 20m to the east. In the north east 
corner of the site, due to the fault geometry, an area exists 
where the fault acts as a boundary to the coaling area, separating 
workable coal areas to the east from an area west of the fault 
where no co a l seams are pre sent ( f i g u r e 5 . 1 ) . For this reason the 
accurate I o cat i on of the fa u l t be c orne s important , because i t has a 
direct bearing on the estimate of the rumount of coal reserves 
present. 
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Figure 5.1 
1-
A series of SIX P and S wave seismic refraction lines was shot 
between June and October 1983. After some initial reconnaissance 
surveys had been carried out using a Sm peg spacing, subsequent 
lines were shot using a 3m peg spacing. The lines were Tiaid so as 
to straddle the proposed fault locations (figure 5.2). 
The field work was carried out in much the same way as with 
Stanley NIDss, using srrillll explosive charges buried at 1m depth for 
the P wave surveys. Short reversed refraction spreads were shot 
and used to measure overburden velocities and help to tie in 
phantomed traveltime data (Lankston & Lankston, 1986). 
the Plus-Minus interpretation method (JHagedoorn, 
Initially 
1959) was 
employed on the results, but it soon became apparent that the 
fault was going to be located by sudden changes in the depth to a 
refractor and not by changes 1n refractor velocities as as was the 
c a s e a t S t a n l e y Mo s s . Th e g I a c i a l d r i f t c o v e r a t t h i s s i t e v a r i e d 
from 2 to 7m, deeper and less consistent than Stanley Moss. This 
caused blurring of the abrupt changes (or steps) in refractor 
depth. In an attempt to increase the resolution of fault 
location, the Generalized Reciprocal Method of refraction data 
interpretation (Palnrer, 19801 was used. 
The decision to use the Gmvt was soon vindicated as it radically 
sharpened anomalies due to rapid changes ln refractor depth 
resulting from faulting. The only problem that was encountered 
using the Gmvt was in the determination of the correct XY 
to use 1n the time depth calculation. In theor~. one 
able to determine the correct value from the inspection 
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v e I o c i t y fun c t i on g rap h s , but on s orne of the l i ne s , particularly 
tlhe lP wave lines, the amplitude of the anomalies on the velocity 
function graphs were not significant enough to determine 
cancellation when the correct XY spacing was used. 
of small random time de lays due 
any 
The 
to non-cancellation 
inhomogeneities in the very near surface when different geophones 
are used in the velocity calculation, cause fluctuations in the 
vel_~<:i_t_X_ __ function graph when an XY spacing greater than zero is 
used. This tends to mask the effect you are trying to observe. 
For this reason any velocity calculation is carried out when the 
XY spacing is zero. 
The solution to this problem 1 s to use the velocities and 
depths calculated from a Plus-Minus interpretation and calculate 
the correct XY spacing using Snell's Law. 
The distinctive features seen on the velocity function and time 
depth graphs, along with depth converted cross-sections and their 
relationship to the subsurface geology (figure 5.9 gives 
t o t h e g e o I o g i c a 1 1 o g s ) i s s tmma r i s e d b e 1 ow : 
LINE 1 Figures 5.3 & 5.10 
the key 
P wave : After an initial reconnaissance survey carried out using 
a 5m peg spacing, the line was re-shot using a 3m peg spacing for 
increased resolution. Firstly, short refraction spreads were shot 
to determine an accurate value for the overburden velocity, and 
also to determine the cross over distance of the direct and 
refracted events. The short refraction spreads show a simple two 
layer case with an overburden velocity of 910rrVsec. The line was 
then profiled using a shot to first geophone offset of 90m, and 
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from the results a phantomed traveltime graph produced. 
The velocity function graph shows two distinct velocity 
se~ents of refractor velocity, 2277m/ sec in the east and 
2640rnJsec in the west. An optimwn XY spacing of 3m was calculated 
using an overburden velocity of 9Ht:m/sec, and a refractor depth of 
3 to 6m calculated from a Plus-Minus interpretation. The time 
depth graph displays a distinct step in the refractor deepening 
toward the west. The step in the time depth graph converts to a 
depth step of 3m occurring over a region some 15m wide (figure 
5. 10). 
S wave This line Is the original reconnaissance survey shot with 
a Sm peg spacing. The line was never re-shot. It was shot with a 
profiling offset of 30m from which a phantomed traveltime graph 
was built up. Short refraction spreads display a two-layer case 
with an overburden velocity of 400In/sec. The depth to the 
refractor was found to be about Sm. From t he P I u s -M i n u s 
interpretation it was also clear that a simp I e two-layer model 
could be used in the interpretation. 
As with the P wave results the velocity function graphs show an 
increase in refractor velocity from east to west, 954 to 
1 0 4 1m/ s e c , but t h i s v e I o c i t y chang e i s on I y j us t significant due 
to the error bars on the velocity determination resulting from the 
Sm peg spacing. An XY spacing of Sm was used for the calculation 
of the time depth values. The resultant time depth graph displays 
two clear anorrllilies, one of which is a 15m wide step which occurs 
in the srune place as the P wave anorrllily, but in the opposite 
sense. 
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The borehole info~tion along this line rrwrks a clear zone of 
we a the r i ng at rockhead on all four boreholes. IBelow the 
weathering zone a sandstone occurs in the west and a shale in the 
east. 
llt would appear that both the P and S wave profiles are 
sampling a badly weathered rockhead, even though the P wave 
refractor depth is shallow. This is probably due to inaccuracy in 
the calculation of the drift velocity critical in the depth 
conversion. It is significant that on both the P and S wave 
lines, the refractor velocities are greater in the west than in 
This is consistent with the fact that the east. 
velocity through an unweathered Carboniferous 
invariably greater than that through a shale. 
the s e i smi c 
Sandstone I S 
On line 1 the fault is located by a 15m wide step in the 
refractor depth which occurs on both the P and S wave lines in the 
same location. This zone separates two distinct refractor 
velocities. 
Line 2 Figures 5.4 & 5.11 
P wave A short refraction spread was shot along the western end 
of line 2. The results show a simp 1 e two-layer case of an 
overburden with an average seismic velocity 910rrUsec overlying a 
refractor of seismic velocity 2500rrUsec. From the short 
refraction spread, four time depth determinations were made, which 
were then used to t i e in the time depth values obtained by 
analysis of the phantomed traveltime graph. 
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The velocity function graph displays a clear break in refractor 
v e l o c i t y from 2 6 6 8m/ s e c i n the e a s t to 2 8 36m/ s e c i n ~he we s t . The 
time depth graph was calculated using an XY value of Sm. The 
resultant graph displays a sharp step between boreholes 838 and 
6TI8. On depth conversion the step has an amplitude of 3m. 
S wave : A phantomed traveltime graph was obtained using a 3m peg 
spacing and a shot to first geophone offset of 90m. Short 
refraction spreads display a two-layer model of a first layer 
velocity of 300rrVsec overlying a refractor of seismic velocity 527 
to 76~sec. The refractor velocities obtained from the analysis 
of the velocity function graphs are 1200m/sec In the east and 
1 056m/ sec in the west. The calculated refractor time depths are 
much greater than those calculated using the short refraction 
spreads. One can therefore conclude that on line 2 S wave we are 
dealing with a three-layer case. 
The XY spacing used in the determination of the time depth 
values for the deepest refractor was calculated by inspection of 
the velocity function graphs using incremental XY values. An XY 
spacing of 9m appears to give the simplest form to the velocity 
function graph. 
Th e e f f e c t t h a t t h e f i r s t I a y e r o f v e 1 o c i t y 3 0 Om/ s e c h a s o n t h e 
time depth values for layer 3 was calculated and subtracted, so 
that an accurate determination for the thickness of layer 2 could 
be made. 
The S wave depth converted results show a 1~ wide anomalous 
area of refractor deepening between boreholes 838 and 618, which 
are the only two boreholes found on this line. As this occurs 1n 
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the same position as the step in the refractor depth found on the 
IP' wave line, i t i s taken as further evidence for the fault 
position. 
~nNE 3 Figures 5.5 & S.n2 
P wave :Line 3 was profiled using a 3m peg spacing, and a shot to 
first geophone offset of 6~. Short offset refraction spreads 
were obtained at both ends of the l i me • The results show a 
velocity structure of 910m/sec overlying a refractor of 183SmJsec 
in the east and 2179rrVsec in the west, at a depth of 3 to 4.Sm. 
The velocity function graphs produced from the phantomed 
traveltime graphs display refractor velocities of 2666, 2986 and 
2656m/sec from east to west. These refractor velocity values are 
greater than those determined from the short offset spreads; the 
time depth values are also greater. This indicates the presence 
of a three-layer structure. 
A depth section produced for this three-layer case is complex, 
with no clear fault indicator present. We would appear to imaged 
a complex overburden/rockhead/weathering situation using P waves. 
S wave : In complete contrast to the complex P wave l i ne, the S 
wave results display the simplest possible results that you would 
hope to o b t a in for a fa u l ted refractor : a s t e p w i t h t ime depths 
corresponding to the top of the sandstone, which is at rockhead on 
the west side of the fault. 
No short refraction spreads were shot along this line, but a 
value for the apparent velocity of the overburden was obtained 
from the adjacent line 7, where detailed analysis of the 
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overburden velocities was carried out. The results give an 
apparent layer v e l o c i t y of 4!9 Om/ sec i n the e as t , and 3 9 Sm/ sec in 
the west. 
The velocity function graph displays a refractor velocity of 
1147m/ sec 1n the east and a velocity of li128m/sec in the west, 
separated by an anorrilllous zone of fluctuating velocity produced as 
an artefact of a sharp step in the refractor depth. 
Taking the simplest velocity function graph, using an XY 
spacing of %n, the time depth graph was calculated. The resultant 
graph displays a drarrilltic step in the refractor, deepening toward 
the east, of amplitude 2~secs. ~en the data is depth converted 
this corresponds to a step in the refractor of some 18m. The 
resolution of the fault is better than %n. 
Wh e 11 o 11 e compare s the r e s u I t w i t h the borehole information 
obtained along this line, it can clearly be seen that the S waves 
only see the sandstone horizon on both sides of the fault as a 
refractor. This is an excellent result and is a drarrilltic fault 
location indicator. 
LINE4 Figures 5.6 & 5.13 
P wave : Line 4 P wave was profiled using the s ;une a c q u i s i t i on 
parameters as 1 i n e 3 P wave . b u t g ave r ema r k a b 1 y d i f f e r en t f i n a I 
results. 
The velocity function graph displays a refractor velocity of 
289%n/sec in the east and 2973llllsec in the west. The velocity 
function graph did not indicate correct XY spacing to use. An 
- 92 -
estimation of the correct XY spacing of ]2m was made from the 
velocity structllllre deri.ved from the origin.n] lP'l us-Minus 
interpretation. 
The resultant time depth graph displays a significant fault 
indicator by a sudden change in time depth from 3msecs to 7msecs 
over 3 pegs. On depth conversion this results in a step of 
amp 1 it ude n 3m. 
------~- ~~ --
The borehole infonnation reveals a similar geology to that 
found along line 3, with a sandstone at rockhead in the west, and 
a shale in the east, underlain by a sandstone at 17m depth. 
Why are the results from this line dramatically different to 
those found along line 3? The answer must lie in the fact that 
the sandstone horizon east of the fault is some 4m deeper on line 
3 than the corresponding sandstone on line 4, causing the cross 
over distance to be greater for the sandstone refractor on line 3. 
If the seismic velocity of the shale is greater on 1 i ne 3 than 
line 4 it would further increase the offset required from shot to 
receiver before one was able to detect the deep sandstone horizon 
in the east on line 3. 
LINE 7 Figures 5.7 & 5.15 
An S wave survey was shot tOm north of line 4, lying exactly along 
the Barley Hill reflection line. It was envisaged that the near 
surface geological structure would be defined using this 
refraction line. S waves were used because they gave the best 
fault resolution. The P wave velocity values from line 4 were 
substituted into the structural rrmdel and used in the field static 
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calculations for the reflection data. 
Some detailed near surface short refraction spreads were shot 
along this line, and from the results it was possible to 
distinguish a velocity sub-division within the strata overlying 
the deep faulted refractor seen on lines 3 and 4. 
A velocity of 300rrVsec was detennined for the drift. The drift 
is underlain by a refractor of velocity 654mJsec in the east which 
corresponds to the velocity of the shale at rockhead. In the west 
the drift is underlain by a refractor of velocity 534rnJsec, this 
is probably the weathered top of the sandstone indicated by 
borehole 843. The velocity function graph gives a refractor 
velocity of 1206rnJsec in the east and a value of 1017nvsec in the 
west. The time depth graph again displays the characteristic step 
in the refractor seen on lines 3 and 4 S wave. The fault can be 
located within a zone 6m wide. 
LINE 5 Figures 5.8 & 5.14 
Line 5 i s the souther mno s t refract ion line recorded at this 
s i t e . I t i s thought that the fault may splay and its throw 
decrease, because the borehole data in this area cannot be 
reconciled by a single large fault. 
P wave :The P wave line was shot with a 3m peg spacing and a shot 
to first geophone offset of 60m. The velocity function graph 
produced from the phantomed traveltime graph displays a complex 
lateral velocity structure, with velocities ranging from 2516 to 
3478mJsec being recorded. 
- 94 -
The time depth graph shows a highly irregular refractor 
topography, with sharp steps at the eastern and western ends of 
the I i n e . The s e rna y be fa u 1 t i n d i c a t o r s , but we are obviously 
dealing with a complex geological cross section here. 
S wave : 'fhe velocity function graph produced from the data 
acquired along this ~inc again displays a complex S wave refractor 
velocity structure. 
Un I ike the P wave time depth graph, the S wave graph shows a 
relatively smooth refractor topography, dipping toward the west. 
The only anomalous feature being a depression in the vicinity of 
borehole 837, where a 5m thick weathering layer is recorded on the 
borehole 1 og. 
Line 5 shows no consistency between P wave, S wave and borehole 
results. The P wave graph looks the most convincing as a fault 
indicator (figure 5.8), but the fault cannot be located as a 
single anomaly along this line. This may be due to a complex 
geological cross-section in this area, too complex to be imaged by 
the refraction technique. No fault prediction can be made along 
this line. 
Figure 5.16 displays the final results of the refraction 
surveys shot at Barley Hill, showing the fault trend through the 
site with error bars on the resolution. 
- 95 -
"' 
"0 
c: 
0 
<.> 
"' 
"' 
~ 
E 
"' "0 
c: 
0 
<.> 
"' 
"' 
~ 
0 
"' 
"' "0
c: 
0 
<.> 
., 
"' 
~ 
0 
"' 
0 
5 
10 
15 
BARLEY HILL 
P Wave 
Line 1 
Phantomed Trave~ Time graph 
................ ; .. ' ............. . 
.. 
A 
""' 
A 
842 
Velocity !Function 
A 
... ~ 
0. 0 0 
A 
8'16 
w 
XV voluos (metero) 
0 ·····~·········:_:_·········~~ ----;277!50,.so<~' ~~,&,.S•<-· 
Time Depth 
XV 3 meters 
o
0 
o 0 o•••• 
0
00° OOooO 0 . . . 
•••e ooo•• 
0. 0 0 
IE 
d 
Q) 
~ 
0 
I 
BARLEY H~LLI 
S Wave · 
line 
~ il ant om e d T rave 11 1 Tim IS g ~a [01 h 
..1-
. . . 
··1· . 
w 
~ J • . 
"' 
"0 
c: 
0 
<.> 
"' 
"' 
~ 
0 
"' 
" 
"' 
"0 
c: 
0 
u 
Q) 
"' 
-
-
:I: 
r 
0 
20 
40 
""' 
8'12 ··~ 
Veaocity 1Functiol111 Jl: Y 'o'Oiuo:: Cmeroq;) 
,., 
,o 
., 
0 
.·.·.·~!.· .. ·· . _, 
----· ,oA'~ ,o~soc. 
.. 
. . ~____.--.-:' 
__ ... g;:\ ~ ~0 "-se'-
Time Depth 
0 o0 0 ooo 
X:Y 5 meterb 
0 0 0 
0 ° 0 0 0 
Fijguu-e 5.3 
BARLEY HILL Line 2 
P Wave 
IE l?hantomed Travel Time grapll W IE 
"'t "' " "0 c: c: 
0 0 
0 0 
" " ~ "' 
i l 0 • • • • • • • • • • • • :::;: 
0 • • • • 0 
U') • • • • U') 
- N 
A A 
838 f>Ht 
~ VeDocHy function 
1 "' I ., " " c: I XV values (meters) ~0 ~ 0 ~ I • • • • " 
~II ~-··.·~" i[ 
Time Deptlh 
BARLEY HijLL 
S Wave 
Lir.e 2 
Pha11'0aomeo1 TraveD Time grap:h 
. . . 
....... 
A 
838 
... 
. ; 1 . ~ ~ .. 
A 
••• 
... 
.... 
w 
VeOocity Function XY valuoo (tnttlcr.o) 
,, 
.. ·•·:•:: :·· :·: .•.•• ··••·· .. ::: •' 
.... ·---~ 
----. ~ _, 
,2oo .... 32 lA sec. 
,, 
q 
b 
, 
0 
Time Depih • xv 9 meters 0~-----------l~----------XY 5 meters Or--------------------------------------------
"' "0 
c: 5 
0 
0 
" 
= 10 
~ 
15 
fil' ,=s oijjoo 
. . . 
. . 
. . 
. . 
"' 
" c: 
0 
0 20 
" 
:::;: 
40 
~---~--- .... _______________ ~ 
Ooooo oooooooooOoooooooooo 
.. 
Figure 5.4 
E 
"' ., 
c: 
0 
" Q) 
"' 
~ 
0 
"' 
., 
"0 
c: 
0 
" Q) 
"' 
~ 
0 
"' 
BARLEY HILL 
P Wave 
line 3 
Phan1tomed Traven Time graph 
.................. : ... ::························ 
... 
. .. 
. . . 
• 0 •• 
A 
839 
A 
840 
A 
844 
w 
Ve Ooci 1t ll IFuncaiOI!'II .lC V 110tuoo (molo• s) 
........ 
\2 
........................ 
9 
. . . . . . . . . . 
...... 
...... 
•••••••••• 0 • 6 
0 ••• 
............ 
... 
. ... 
... .......... 0 ••• 
.... .... ······················ ............. .. ~~----~--- 0 ~··"'. .. ...... ~-· ""'"""'' ..... 
Time Depth 
XV 12 meters Or------------------------------------------------------------
"' ., 
c: 
0 
" Q) 
"' 
5 
·- 10 
~ 
15 
·-------0--;; -.-.-.-.-•• ·~. 0 •••• 
•• o • •• •oo Oo 
oeo ooo 0 c 0 Ill 
"' ., 
c: 
0 
0 
Q) 
"' 
~ 
IE 
BARLEY H~LL 
S Wave 
Line 3 
PO'laniomed Traveo ll"ime g~a[Oih 
I 
••• : : ; ' • j ••••••••••••••••••• 
. . • I' 
~ l' . . . . . . . . . ... 
A ~ A 
639 ~0 844 
w 
1l 
Velocity !Function XY ~o~oluoG (molort;) 
,~ 
~ I 
: .. ::: .. : :::·:: :-::::::::::::::::--. 
.... -~
- ... 
~ I :.·:.· .... ·.· ..... . 
'I "'I.·.·.·.· ... ··~···· V ~~,,,.s··-' I 
Time Des>th 
)( y e meters 
,, 
q 
" ., 
0 
Or-----------------------------·-----------------------------
"' '0
c: 
c 20 
u 
.. 
~ 40 
oooooo 
0 0 0 0 ooooooa 
0 0 0 0 
ooo 0 ooo 000 
Fcgure 5.5 
E 
.. 
" c: 
0 
0 
., 
.!!? 
::1: 
0 
"' 
.. 
" c: 
0 
0 
" 
"' 
:::E 
0 
"' 
BARLEY HILL 
P Wave 
Line 4 
Phantomed Trave: Time graph 
........................................ ·· 
A 
848 
A 
847 
A 
843 
. . . . . 
w 
Ve~ocity Function XV vulues (meltus) 
\l 
........ 
9 
..... 
...... 
•• 0. 
6 
................ 
... 
. . . 
.... 
.... 0 
.... 
.... 
0 0. 
• • • • 0 •• 
--~~-
Time Depth 
XV 12 meters 
0~-----------------------------------------------------
"' 
" c: 5 
0 
0 
., 
"' 10 
:::E 
15 
. . . 
oooooo 
0
oo•••ooo 00 o 0000 ••
0
• 
"' 
" c: 
"' 
" c: 
c 
0 
" 
"' 
-
::; 
0 
"' N 
b. 
I 
I 
'iJ 
0 
0 20 
0 
., 
"' 
:::E 40 
BARLEY HIL:.... 
S Wave 
Line 4 
!Phaniomed T~ave~ Time !F2lllllh 
.. ...................... 
••• 0 
.. 
. . . . 
..... 
. . 
. . . 
. . . 
I 
646 841 A A I 
Velociilf IFuncnfon 
A 
843 
w 
... 
X Y voluon (motonl) 
,, 
... 
. ... 
..... 
.. .... :-:-:-:.::::.:·~' 
. ... 
~ .. ········ .. ' c 
Time Depth 
I 
o 00 ooo 000 o 0 0CoaaQ'o 00 °o 0 o 
XV 6 meters 
00 ooooooOo 
q 
b 
3 
0 
f~gu;e 5. 6 
Figure 5. 7 
IE 
"' 
'0 
c: 
0 
.., 
., 
"' 
::0 
0 
ll) 
N 
"' 
"0 
c: 
0 
.., 
., 
"' 
::0 
0 
"' N 
"' "0 
c: 
0 
0 
.., 20 
Q) 
"' 
·-
::!: 40 
BARLEY HILL 
S Wave 
Line 7 
Phantomed Travel Time graph 
0 
0 0 
.......... 
A 
848 
. . . 
A 
847 
.... 
.... 
A 
843 
: .. 
w 
... 
. . 
Velocity Function X Y vuluea (meter~;;) 
,~ 
• • ,'l 
• 
...... 
........•.•.•... : . . . : : :·: :· :-:·: _;_.::::;.;? 
o 0 0 o o 
0 
0 o 0 __________ 1011 !'o 
.... 
~~ 
Time Depth 
--------0--
o•o• •o•oo• o •••• 
.. 
X Y 9 meters 
·-· ---
••••••• ••• o.o •• 
b 
~ 
0 
~Y. ~o tjguutS 1 taa.rrev.Jiill 
Borbole Information fro;p_drtller)tlo.9. 
D TC!ll ooOO Seisrn:c data ' a, llllould®r Clov 
~ 
~~ 
81 
D 
WoGJH"I<iH<!J<Ol 
Roc!:ti'loa<dl 
Sholo 
CosO 
Sm11i<d1Giono 
IMo lnforUilllatlorro 
biiL'I<Ol dlrliiiL'I'!'J 
::>~ao ~rom ohor~ 
10~roct1on oproo<tlo 
li>o~o on~ropoioafo~ 
fagu~S 5.9 
E 
"' "0 
c: 
0 
() 
cu 
"' 
~ 
0 
l/) 
BARLEY HILL 
P Wave 
Line 5 
Pt>antomed Travel Time graph 
.... 
. .. . . . . . . . . . 
A 
609 
.... 
... .. 
.. 
.. d ••••• 
A 
837 
Ve~ocHy !Function 
......... 
... 
........ 
A 
631 
....... 
... 
w 
...... 
. . . 
)( Y Vli1Ut1 ~ 
(mOIQI S I 
•••• b "' 
" c 
0 
u 
QJ 
De. e. e. 
"' 
:::!: 
0 
1{) 
......... 
...... 
................ 
. . . . . . . . . 
• 0 ••••• 
-~ -- .-~~------2949--;,;,~!>o"1 2!'> 16 !3g,.!>o<J 3478! 56,. sec .1 
. . . 
--------267"9~ 
Time Depth 
••••••• 3 
• _______ o 
2994! 52 
o XY 6 meters 
"' 
" 5 c 
0 
u 
QJ 
~10 
:::!: 
15 
oooe•o•eo 
0 •••• . . 
. . . . .... 
.. 
.. 
• Cl ••• 0 • 
••• 0 ••• • • 1!1; • 
E 
"' 
" c: 
0 
() 
cu 
"' 
-= 
:::!: 
0 
l/) 
N 
"' 
" c: 
0 
u 
QJ 
"' 
-= 
-= 
:::!: 
0 
l/) 
N 
BARLEY HilL 
S Wave 
Line Is 
l?hantomed Travel Time g~aph 
A 
&09 
... 
.... 
Veiocity Funciion 
. ..... . 
.. ·_·_· ... ·.:... . . -----------
--- ,,!),! ,, .. !>o< 
Tome Deptll'l 
... 
. . 
.. 
': . 
. ... 
837 631 
)C Y voluot. 
(mol rr ~) 
. ~ 
... 
• • • • .... 0 ...... ) 
.. ·········· ---~'0 
• • •. • • • ·::__..-~.,---- ·' • · ,,11!2 4 .. ~c 
_,, .. ~ 
w 
0 XY 3 meters 
"' 
" c: 
0 20 
u 
QJ 
"' 
:::!: 40 
~ o 0 oOoo 0 oooo 
o•oc':Oooooooooooooo 
0 0 ° 0 0 
OaoooooooooO 
F~gure 5.8 
0 
en 10 
a: 
w 
... 
w 
::!; 
20 
0 
en 10 
a: 
w 
... 
w 
::!; 
20 
0 
en 10 
~ 
w 
::!; 
20 
IFogm·e 5. ~ o 
IBARliEV H~ll l~ne i 
~n~erprre~a ~ions 
!So~0ll'I00Gl Dn1lo~maUo1111 
841 842 845 
I o., I ~ . 
S W8V0 
846 
~1 ~2 ~5 ~----------~----------~~--------------8~6 
400 
/ .. --~ ~ -· 1041 -
-954- -
~ Wsve 
841 
I 
I Faull I 
842 845 
910 910 
----- --2277 -
I Faull I 
846 
I 
0 
C/) ~0 
a: 
w 
... 
w 
::E 
0 
(/) 10 
a: 
w 
... 
w 
::E 
20 
0 
(/) 10 
a: 
w 
... 
w 
~ 
20 
' 
I 
BARlEY !H~tll lia1e 2 
~n~errprei:a ~ions 
IE!orehole Rni'ormaU<Oi1111 GIB 
S Wave 
P Wave 
I ~ 
. ~ 
! I 
ki 
610 
I 8~8--..,..- 300 ~ 
......... - -----------
5271 
762 
I ---12~~ 
rcun\ 
838 I G1G 
91o I 91o /"------~----: 
- 2668 ~----
1 1·"i 
2u VQ~nlcsll IE~tG~QeJOii'oilo1111 f~g\Ulrr-e 5 .. i ~ 
0 
"' 10 
a: 
w 
~ 
w 
::E 
20 
30 
0 
"' 10 
a: 
w 
~ 
w 
::E 
20 
0 
"' 10 a: 
w 
~ 
w 
::E 
20 
Figure 5.12 
BARLEY HILL line 
~nterpretations 
Borehole information 
839 840 
844 
S Wave 
~9 840 844 
395 
490 
114 
!Foul~ 
iP' Wave 
844 
839 840 I 
I I 
• 910 ...... ------ - -------------- - -
-2986 
3 
"' a:
w 
~ 
Ul 
::0 20 
30 
BARLEY Hill lil"le 
~nterpre~ a. ~ions 
Borehole lnffo) aftiocru 
848 8~7 r 
t:::="""" 
~ 
1:0~ 
t:;i;3 
[:] 
S Wave 
848 847 
I 
843 
':~:::::; 
HH 
·=\\j 
llll3 
395 
4 
0~ 
"~ t. 
490 L_F--= 
~-
1215 
0~ 
"' 10 
a: 
w 
~ 
w 
::0 
20 
2x Vertical IExaggeiTmt!on 
P Wave 
848 841 
I 
1900 
- 2899 
+u~ 
I FouM j 
C43 
l 
Figu;e 5.13 
BARLEY HilL Line 5 
0 
en 10 
a: 
UJ 
..... 
UJ 
:2: 
en 
20 
~nterpretations 
IBoreho~e Dntormatio1111 
837 
S Wave 
300 0~ a: -~ 10 11151 -
P Wave 
910 0~ (/} a: 
=w ~ -2679 
-- 2516 
!Figure 5. 14 
631 
3478 
BARlEY H~ll line 1 
-1127-
-2994 . 
0 q·, 
II: 
f/) 10 
a: ll· 
w 
1-
UJ I 
" 2o I 
... ~ 
30 
0 
(/} 10 
a: 
w 
1-
w 
:2: 
20~ 
i 
2x Vert!caa 1Eneggera~!o1111 
I • ~ nterrp~· 1:e~ a~~ OlTil5 
Borehole Dllll~Oii"MSJitiollll 
~a 
QA!lol 843 J 
r~1 
~-----< 
~ ~t~ - -. 
21 
.;t._--- 1 I 0 ~ 
o 
t:i 
I it-=: _fil 
S Wav0 
300 1 --------------- --- 53~ 
<>------¢--. --
654 ~on 
~ouJJ 
FigLire 5. 1 5 
0 100 
F~ ti:c~,M I Mtaters 
~c~le 
Bar~ey HiU 
FaRJ~t pos~t~on and itrelilld w~th error b~r~ 
as ~ocated ~rom ~ei~m~c ~~lill~~D 
Figure 5. ~ 6 
S. 2 JBAJR.ll-1,!' HnLL RJEfLJECDON L~NJE 
Yn August 1983 a seismic reflection line was shot at Barley 
Hill, along the same profile as seismic refraction line 7 {figure 
s. n 1 l. 
The first requirement In the acquisition of high quality 
shallow seismic reflection data at this site, was to drill 
shot-holes into rockhead or preferably below the weathering layer, 
so as to minimise the production of unwanted ground roll waves and 
to retain high frequencies. At this period the Department of 
Geological Sciences at Durham University had just acquired a 
Victor Products drill which would in theory be able to carry out 
the task of drilling into rockhead. In reality this proved 
difficult, due to teething problems encountered with the drill, 
and the bouldery nature of the glacial drift at this site. After 
ITlliny problems ten shot holes were finally drilled to a depth of 20 
feet ( 6m). 
The source used for the survey was a single seismic detonator. 
The seismic data were acquired us1ng single 30Hz geophones, using 
a straddle spread with a Sm peg spacing and a max1mwn offset of 
155m. The data were recorded for just over SOOmsccs ( 1024 samples 
at 0. Smsec s <mlp l i ng rate ) . No frequency filters were used on 
recording. 
Figure 5.18 displays the result of one of the better quality 
corrnmn shot gathers recorded at this site. It is clearly apparent 
from the raw data that severe ground roll pro b 1 ems we r e 
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encountered, with ground roll veiocities of up to 70{bnisec seen on 
the record. Another problem is that due to the large runpli~ude of 
the ground roll on the near offset traces, the AID converter of 
the Nimbus has become saturated resulting in severe clipping of 
the traces. These traces are of no use in further processing and 
have to be discarded. The only clear reflection events seen on 
the raw data are on the far right of the diagrmn at 14~secs, just 
outside the cone of the ground roll. 
----
Figure 5.18 also displays the conmon shot gather after various 
pre-stack processing operations had been carried out, including 
band pass frequency filtering and trace editing. The optimum band 
pass filter was decided by carrying out frequency spectra tests on 
the data. The results show a typical frequency range of 20 to 
60Hz for the ground roll and reflection frequencies around 120Hz. 
A typical runplitude spectrum is displayed in figure 5.19. A mute 
has been applied to remove the refraction events recorded as first 
breaks. The result is that the ground roll has been removed due 
to its low frequency compared to the reflected arrivals, and the 
reflections on the right of the diagrmm have been enhanced. 
Little or no reflected energy was seen on the conmon shot gathers 
below 300msecs, so it was decided to concentrate on the first 
300msecs (figure 5.20). 
The results of refraction line 7 were used to delineate the 
near surface geological structure found along the reflection line 
down to a depth of 25m (figure 5.21). The ground surface 
elevation was measured by levelling. From this both shot and 
geophone statics were calculated for each trace by removing the 
effect of t~e near-surface geology down to a datum of 220m above 
- 97 -
sea level. The traces were then sorted into co~n mid point 
gathers and stacked, with a fold of cover of 9 traces. Figure 
5.22 shows the results of stacking velocity tests carried out on a 
panel from pegs ~5 to 52, where the best data occur. The tests 
reveal that the variation of the stacking velocity rrllikes very 
little effect on the final section due to s~ll rrillve-outs 
encountered on the traces. This is due to the s~ll offsets used 
in data acquisition relative to the depths under investigation. 
The stacking velocities used, were based on the P wave refraction 
velocities calculated along this line. 
Figure 5.23 is the best final stacked section produced for the 
Barley Hill line. A aMP aligned autostatics routine with a 
~ximrnn trace shift of +1-1 msec was applied to account for any 
residual statics left over after the field statics had been 
applied. The final section IS of very poor quality, the only 
reflections present being at the far western end of the profile. 
The fault should be approxi~tely at peg 30 on the section, but no 
structure can be interpreted from this reflection section. 
The geology along this reflection line is that below the lowest 
coal seam (Gannister Clay), of the Coal Measures In 
Northrnnberland. The strata consist of thick sequences of coarse 
sandstones (or "grits") separated by relatively thin argillaceous 
measures which include marine shales. This therefore rrillY have 
been a very poor location to try to obtain shallow reflection data 
due to the fact that there are no large reflection coefficients 
present in the sequence. A particular problem at Barley Hill is 
the high velocity of the ground roll which is up to 500rnJsec. 
VVith hindsight, during the data acquisition larger offsets should 
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have been used to obtain rrwre data outside the cone of the ground 
ro 11 . 
5. 3 BARLEY HILL OLD '\\ORKIN!S PROBLW 
In the western corner of the Barley Hill site there is an area 
of 500 square meters which had been previously worked in 1953 to 
extract the Brockwell coal seam. The Brockwell coal seam lies 
stratigraphically above the coal seams found in the north of the 
site. In the area of the old workings the Brockwell seam is at a 
depth of 8m, overlain by 7m of sandstone and sandy-shale bands, 
plus 1m of drift. In modern times, due to advances in excavation 
equipment, it now becomes economic to mine the coal seams below 
the area of the previous old workings. 
An old site plan shows the area of the previous old workings 
(Figure 5.24), but old plans are sometimes unreliable. Therefore 
the problem under investigation was to detect the edge of the 
previous old workings. A P wave survey was chosen because of the 
necessary depth penetration required and the attenuation effects 
of backfill materia] on our low energy S wave source. 
A seismic line was orientated so that it lay perpendicular to 
the strike of the edge of the old workings (figure 5.24). A 3m 
peg spacing was chosen as this would give the necessary 
resolution. Due to the quite severe topography encountered along 
the seismic line, it seemed advisable to level the line so that 
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the topographic effects could be accounted for. 
The first stage of the survey was to shoot two short refraction 
spreads, one on the known worked area, the other on the virgin 
geology. The resuits can be seen in figu~e 5.25. The short 
refraction spread located on the virgin area displays a simplle 
two-layer case with an overburden of velocity of 86SmJsec 
oy~r!ying a refracto!~velocity 1594mVsec at a depth of an. The 
refraction spread located on the backfill rrmterial also displays a 
two-layer velocity structure of 686mJsec overlying a refractor of 
2005mJsec at a depth of 6m. These depth estimates show good 
agreement with available borehole inforrrmtion. 
Both the calculated overburden velocities seen at this site 
display a low P wave velocity even for unconsolidated glacial 
drift material, compared with previous experience at different 
sites. This may indicate the presence of backfill material used 
for ground restoration after the coal was extracted. The 
refractor velocity of 1594mJsec found at the virgin end is 
probably the weathered rockhead. The refractor of velocity 
2005mJsec found at the worked area is likely to be the floor of 
the previous old workings. 
A phantomed traveltime graph was compiled along the whole 
profile by analysing refraction data 
offsets (figure 5.26). Problems 
encountered when the shots were fired 
produced at 60 and 90m 
with data quality were 
on the area of backfill 
material, due to high attenuation effects in the unconsolidated 
material. 
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The data was anallysed using the Plus-Minus technique. The 
resultant minus graph displays two distinct velloci~y sewments of 
refractor velocity 2112mJsec in the east and 2208ndsec in the 
west. The plus graph shows a drrumatic step when the edge of the 
old workings is crossed, with an increase in the depth to the 
refractor over the worked area. 
__ _E_igure~7 displays an interpreted cross-section along this 
seismic line. The thickness of the weathering layer in the 
umnined area cannot be estinmted with any degree of accuracy, but 
the important parillmeter required is the boundary of the mined 
area. The edge of the old workings was located to within an 
estimated accuracy of 3m, and coincided with the edge displayed on 
the old site plan (figure 5.24). 
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liEMSWIT NQRDI SITE N>. 3 
The Hemscott North site is situated on the coastal plain, at 
Druridge Bay in eastern NorthwnberRand. The target of our 
investigation was the Grange NIDor Fault which is one of a series 
of ENE -WSW major normal faults which cut the Carboniferous 
strata in Northwnberland. Coal mining has taken place in the area 
over the past century and from old mine plans it is known that the 
Grange N.IDor Fault downthrows the strata to the south by 
approximately 4~ (Fowler, 1935). From the results of preliminary 
drilling at the time the seismic survey was carried out, the 
Opencast Executive believed the Grange N.roor Fault to consist of a 
single main fracture, with splays off toward the south. Later 
drilling, on a fine 3~ grid pattern in the area of the fault, 
revealed a complex zone of faulting over a region 6~wide. 
Figure 6.1 outlines the geology at Hemscott North. The diagrrun 
displays a generalized sequence through the Carboniferous strata 
in the area. The major sandstone units are highlighted and the 
coal serum horizons are labelled H to U. A plan of the final 
interpretation of the fault geometry interpreted from borehole 
information from the area is also displayed. The Grange Nfuor 
Fault zone consists of two major normal faults, a northern fault 
(fault 1) with a throw of around 2~. and a southern fault (fault 
2) with a throw of 8 to 16m. There is a complication to this 
~del. A third fault with a throw of 13m is thought to fonn a 
link between the two main faults in the area of our survey. Using 
borehole information, a cross-section of the near surface 
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Figure 6.1 
perpendicular to the fault plane is drawn. The total fault throw 
across the area is 4~. 
The landsurface topography is flat, but this nmsks severe 
~ockhead topography in this area. A rrmjor pre-glacial valley, now 
drift filled, meande~s across the area. The sandy d~nft cove~ 
varies in thickness from 10 to 3~ (Anson & Sharp, 1960). 
~··--
The site was visited between August and October 1982. A 
considerable rumount of effort went into the collection of seismic 
data at this site. Originally trials were carried out using P and 
S wave refraction and reflection lines. NoS wave reflections 
were apparent on the field records collected at this site, so the 
method was abandoned. The S wave refraction technique proved 
successful in another area of the site, where it was used to 
detennine the drift thickness over the drift filled channel. The 
technique was successful in outlining the shape of the drift 
channel. The results of this survey were included in the paper by 
Goulty & Brabham (1984). 
Figure 6.2 displays the location of the P wave refraction and 
reflection lines which were shot over the proposed location of the 
Grange Nbor Fault, along with an overlay showing the drift 
thickness contours in the area of the survey lines. 
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6 .l P WAVE REFRACOON LINES 
TWo seismic refraction lines were shot over the Grange NIDor 
Fault (lines 8P and 9P). Because of the large scale of the fault 
zone, a Sm peg spacing was used for the survey. Due to the thick 
drift cover, the direct wave (or a very shallow drift refractor) 
with a P wave velocity of 1800m/sec was recorded out to 100m. 
Shot to first geophone offsets of up to 180m were required to 
record refracted arrivals from below rockhead. Due to the deep 
drift at this site charge sizes of 2oz (buried at l.Sm depth) were 
required, to obtain refracted arrivals with sufficient 
signal/noise ratio. 
In an attempt to account for the very near surface geology, the 
direct wave arrivals ~ere recorded across the array in both 
directions. A time-distance graph was plotted, and straight lines 
were · fitted to the direct arrivals by least squares. The 
difference between the measured arrival times and the straight 
line was taken to represent the near surface static corrections. 
These statics were then subtracted from the refracted arrivals at 
each geophone. The corrections proved to be less than plus or 
minus lmsec. 
interpretation, 
velocities. 
This technique 
especially the 
The data were interpreted using 
models. This is due to the 
helped to improve 
calculation of the 
the data 
refractor 
simple planar dipping layer 
depth from which the refracted 
arrivals originate, and the problems of obtaining reversed data 
for each horizon with a complex fault model. ~ere arrivals were 
positively identified as coming from the same refractor in both 
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the forward and reverse shooting directions, minus graphs were 
then plotted where possible, to achieve accurate velocity 
de t e nni nations. 
Figure 6.3 shows 
1 i ne s 8P and 91?. 
the final interpretations of the refraction 
Line 8P 
The drift thickness along this line is consistently around 1~, 
as revealed by borehole infonnation (figure 6.2). North of the 
fault there is a sandstone horizon at rockhead, but seismically 
this is transparent, indicating that it must be weathered. The 
2400rnJsec refractor ~y be the base of weathering of the coal 
measures, but this depth also correlates with the water table as 
given by geophysical logs. 
The deep refractor of seismic velocity 3124rnVsec north of the 
fault would appear to correlate with the sandstone unit just below 
horizon J (figure 6.1). The fault position was esti~ted by 
calculating the position where the 3124rnVsec 
t e nni nate d . 
refractor is 
South of the fault the 1800/1900rnVsec boundary is undoubtedly 
rockhead, whilst the 2248m/sec refractor ~y again be the water 
table as picked out from geophysical logs. The position of the 
fault as given by the seismics agrees well with position of fault 
1, located by boreholes. 
- 105 -
Line 9P 
From the borehole infonnation, the drift thickness along this 
line varies frron 10m in the north to 25m in the south (figure 
6.2). This is borne out by the refraction data, wheTe there is an 
increased thickness of the U800mVsec layer relative to Line 8. 
North of the fault a similar velocity structure to that of line 8 
is seen. The depth and dip of the 3165mJsec refractor along this 
------------
---------
line agree well with the depth and dip of the sandstone unit below 
horizon J as seen from the borehole infonnation. South of the 
fault the 1800/2400mJsec boundary is 7m below driller's rockhead. 
The origin of this refractor is not clear. The fault location is 
achieved by the pinpointing of the termination of the deep 
3165m/sec refractor north of the fault. This position also agrees 
with the position of fault 1 from the borehole infonnation. 
The complexity of this faulted region does not lend itself to 
investigation by the refraction method, which relies upon 
simplistic layer models for interpretation. Nevertheless, the 
position of the ~jor fault (fault 1) is accurately located by its 
downthrowing of a large sandstone unit at SOm depth. 
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6. 2 JP> WAVE REJflLJECrlON SURVEYS 
Three reflection lines were shot at Hemscott North over the 
Grange NIDor Jfault. Jfigure 6.2 displays the ~ocation of the Uines. 
The lines are nwnbered li, 2 and 6. JL.ine 1 was shot twice with 
different acquisition parruneters. 
Data Acquisition 
For each of the seismic I i ne s shot at Hemscott North, the 
seismic source was a single detonator and the data were recorded 
for just over 200msecs on rrmgnetic tape (1024 digital samples, at 
a srunpling frequency of 5 samples per msec). No band pass filters 
were used to record the data in the field. A peg spacing of 3m 
was also used throughout the surveys, which gives a common mid 
point (CMP) spacing of l.Sm. 
Line 1 (Shallow) 
The seismic detonator was buried at a depth of 1.5m in the 
glacial drift overburden. The very first reflection records that 
were shot at Hemscott North, at the southern end of line 1, were 
very encouraging. This was because strong reflected arrivals were 
clearly apparent on the field monitor record between 100 and 
180msecs, even without band pass filtering the data. 
In all, 41 shots were fired on this line, at a shot spacing of 
6 pegs (18m). The co~n shot data were rrminly recorded using two 
12 channel spreads, with six coincident geophones between spreads. 
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This effectnvely p~oduced an TI3 channel co~n shot gather (CSG) 
at each shot point. wminlly offsets of 21 to 7~were ~sed, 
although some extra offsets were added. 
Figure 6.4 displays the CSG recorded at shot point 3TI, where an 
effective 2~ channel CSG was recorded with offsets of 3 to 1~. 
This figure displays the relationship between the near horizontan 
reflected arrivals, with the now velocity, 
--- ---
I ow frequen_c_x grounrll_ __ _ 
roll and the refraction arrivals which appear as first breaks. 
Problems are also encountered with reverberant refracted events 
which run parallel with the first breaks. The reverberant 
refractions mask the very near surface reflections. Figure 6.4 
also displays the same CSG after trace editing and band pass 
filtering, which effectively removes the ground roll from the 
records. The acquisition geometry results in a aMP fold of cover 
of four over most of the line, decreasing towards the ends. Folds 
of cover of less than three were not included at the ends of the 
final sections. 
L i n e 1 ( De e p ) 
In an attempt to improve upon the data quality and resolution 
along this line, the line was re-shot burying the detonator at a 
greater depth. The OE arranged the drilling of twelve 20ft ( 6m) 
deep shot holes at an 18m spacing. The borehole depth was chosen 
because this is the length of a single drill rod of the available 
rig. The twelve shot holes were drilled in 3 hours by the rig, 
making it a relatively economic way of carrying out a seismic 
survey. Although the source would still be buried in the drift, 
which is about 10m thick along line 1' it was hoped that by 
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bu~ying the charge the rumount of ground rolli woulid be reduced and 
the dominan~ frequency of the reflec~ions would be increased, due 
to less absorption of the higher frequencies by the drift. lln 
total 45 shots were taken using a straddle spread geometry with 
offsets of zero to 78m (Jm peg spacing). There was a ~wo geophone 
overUap on adjacent TI2 channel geophone spreads. This results nn 
an effective 42 channel CSG. 
Random shot statics (due to the use at that time of non-seismic 
detonators) of up to 5msecs were apparent on the records. These 
were rerrmved by correcting the zero offset first break to equal 
zero time. Far offset spreads were adjusted by making the first 
break times between adjacent spreads (where there was geophone 
overlap) equal. Figure 6.5 shows a CSG recorded on this line. 
The data quality improved on that recorded using the shallow 
shots. The reflected arrivals display a slightly higher dominant 
frequency and the ground roll is not as severe. The ground roll 
velocity is 200rnJsec. Figure 6.5 also displays the srume CSG after 
trace editing and band pass filtering have been applied. 
Due to the fact that we only had twelve 
spaced shot holes available, the resultant 
relatively widely 
fold of cover was 
inconsistent, alternating between 2, 3 and 4 along the line after 
near offset traces were edited out. 
Line 2 
Line 2 was again shot using a single detonator buried at a 
depth of l.Sm in the glacial drift. The data were recorded using 
a split straddle spread acquisition geometry. TWo 12 channel 
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I~ 
geophone spreads were used 
rrllixnmrnm offsets of 39 an& 1~. 
per shot ponnt, 
The resu]t of 
wn th minimwn mnd 
~his geometry 1s 
that virtually alll the traces are recording outside the cone of 
ground roll, so no traces were edited out before sorting. FigMre 
6.6 displays a typical CSG from this lime. The data quality is 
poor and any reflections that are present mre of low ~llntude. 
To account for the _rando~ _t i.!!le _ d_~}ays _ i_!ltroduced ~by_the 
detonator, the first break times at the nearest (3~) geophone 
were equalized for all the CSGs in the profile. The refraction 
data showed that nowhere did refracted arrivals from rockhead 
become first breaks until offsets greater than 10Gmwere reached. 
Therefore all the first breaks on the reflection data originate 
from the direct arrivals. By making the 3~ offset first break 
the same time as on line l(shallow), then inter-line compatibility 
is achieved. Any residual statics would later be remwved by 
applying the 0MP aligned statics routine to the data set. 
Line 6 
Line 6 was again shot using a single detonator buried at a 
depth of 1.5m. In total, 31 shot points were used at a 2 peg (6m) 
spacing. A straddle spread acquisition geometry was used, with 
geophone offsets of zero to 63m. Figure 6.7 displays a single CSG 
recorded along this line, combining three separate 12 channel 
records. The random time delays introduced by the detonator were 
corrected for by making the zero offset first break times equal to 
time zero. Then the first break of the first trace in each far 
offset spread was adjusted to equal the first break of the last 
geophone in the near spread (as they have an equal offset). 
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Traces with offse~s of zeTo to n~weTe edi~ed out before sorting 
due to ~race clipping. Figure 6.7 also displlays ~he CSG af~er 
editing and band pass filtering. The acquisition geometry results 
in a aMP fold of cover alternating between ~ and 5 allong the 
s e i smn c 1 il Ill e . 
JDa~a Processing 
There was a long delay between the acquisition of the field 
data in 1982, and the data processing at Durham, due to the fact 
that the software required to process the seismic reflection data 
at Durham had not yet been WTitten at that time. Initial brute 
stacks of line 1 were processed by Digicon on contract to NCB 
(deep mines). The sections that were produced are shown in figure 
6. 8. From these initial sections it is clear that there is a 
marked improvement in the quality for the deep shot holes. 
Although the data quality of both lines is not good, the fault 
zone can be clearly identified. 
The first stages of data processing carried out on these data 
sets at Durhamwere trace editing, the application of the field 
static corrections and the muting of refraction events. The 
static corrections have previously been outlined for individual 
seismic I i ne s. The data were then sorted into aMP gathers, the 
fold of cover of each line being a function of the acquisition 
geometry. By far the most crucial factor in the processing 
sequence of this shallow land reflection data is the application 
of a band pass frequency filter. The application of the optimmn 
filter can effectively remove unwanted ground roll and high 
frequency noise. Three techniques are employed to detennine the 
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correct filter coefficnents for each indnvidual line. 
Traces are analysed using Fourier ananysis to detennine the 
peak frequencies of the ground roll and reflected events. Figure 
6.9 displays the ~esults of this technique as appnned to traces 
from lilille n (clleep). Peak frequencies of 30 and 70Hz are 
calculated for the ground roll and reflected events. 
A variety of filters coefficients were applied to CSGs and the 
optimmn filter was chosen by inspection of the results. Figure 
6.4 displays how the application of an optimwn filter enhances 
reflections on a CSG. 
A variety of filter coefficients were also applied to the whole 
data set pre-stack, the data were then stacked. One is able to 
observe directly how specific filters affect the final section. 
Figure 6.10 displays the results of this technique on line 1 
(deep). This method is a very time conswning technique and is 
only feasible when s~ll data sets are involved. 
The optimum band pass filter coefficients for lines 2 and 6 are 
Line 1 ( s ha II ow) filter coefficients are 55/85/300/400Hz. 
40/70/300/400Hz. For I ine 1 (deep), because the source was deeply 
buried compared to other lines, there is a slight increase tn the 
frequency content of the reflections. The optimum filter 
coefficients for this I i ne accounted for this, being 
70/100/300/400Hz. 
The stacking velocities used for these data sets were based on 
velocities calculated from the refraction lines. The velocity 
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profile used was ll60Gm/sec (0-6fimsed, ll8011ll m!sec {60-20ijmsecs) 
a~d 2800 mJsec {20~secs onw~rds}. 
A aMP aligned st~tncs routine was applied to the d~ta after the 
NMD correction had bee~ applied before st~cking. The s~a~ic 
a ~ximmn shift of plus or minus 4msecs to avoid ~cycle skipping~. 
The routine worked by optimising the correlation of refllection 
events between n20 and 200msecs, where the strongest reflections 
occur. This accounted for any residual statics and s~ll errors 
resulting from the NM0 correction and any s~ll geophone statics 
(Jess than lmsec). The data were then stacked and a SOmsec AGC 
was applied to the traces before plotting. The final sections are 
reproduced as figures 6.11, 6.12, 6.13 and 6.14. 
After the processing stage had been completed on all three 
l i ne s , it was decided that the data quality of lines 2 and 6 were 
so poor that any interpretation of the final section would be 
questionable. The reason for the deterioration in data quality 
from line l (shallow) to lines 2 and 6 can be put down to effects 
at the source. The figure shows the drift thickness contours in 
the area of the survey lines. There is a significant increase in 
the drift thickness from line 1 (10 to 15m) to lines 6 (16 to 20m) 
and line 2 (15 to 25m). Therefore there is a direct correlation 
between the drift thickness and the deterioration in data quality. 
Although the seismic detonator is adequate for the penetration of 
a drift cover of 15m, the greater drift cover of lines 2 and 6 
causes the greater attenuation of the seismic pulse. Thus the 
signal to noise ratio of the reflection events is significantly 
reduced. The attenuating nature of the drift is further increased 
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Peg number 
by the f~ct that the deeper drift h~s a sand base which is a 
highly attenuating medium. The 
detonator was that it produces 
philosophy 
a higher 
of using a single 
frequency seismic 
signature to a dynrunite charge. It is unfortunate that line i was 
shot first, because the shooting p~rrumete:rs were set on the b~sils 
of this line. 
---------~~n ~n~t~e~r=~!J~r~e~t~a~t=-i~o~n~~o~f=t"=h~e~R~e"='f~l~e~c~t~i~o~n~D~a'='t"="a~----
The interpretation of the reflection data concentrates on line 
1 due to the poor data quality of lines 2 and 6. The final 
seismic reflection sections suffer from the fact that the 
reflections show little character. This makes it impossible to 
correlate horizons each side of the fault zone. ~ere there is a 
consistent band of reflection events down the section, the ground 
is regarded as being unfaulted. A fault appears on the seismic 
section as a region of non-reflection separating areas of 
differing seismic character. 
The line drawing of line 1 (figure 6.15) was produced by 
combining the results of both the deep and shallow data. Although 
the deep data is higher quality, the shallow data displays a more 
consistent band of reflectors at the southern end of the line. 
The interpretation of the NCB processed data is given in figure 
6.16. Two separate faults are interpreted from the reflection 
data at pegs 48 and 64, with a possible third also present. The 
southern fault at peg 64 occurs 6m north of the postulated 
position of fault 3 interpreted from the borehole data. The 
northern fault coincides with the postulated position of fault 1. 
When the seismic lines were originally shot, the target was 
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~hought to be a single f~ult. Only ~fter subsequent drilling has 
the ~hree fauli~ rrmdel arisen. Unfortunately, ~herefore, the 
seismic ]ine has not extended far enough southwards ~o completely 
cross fault 2 (figure 6.1). There is some evidence for the 
identnficatio~ of fault 2 on the extreme 
shallow data nn fng~re 6.16. 
sou~herRy end of the 
The nmjor reflection events occur between 150 and 20~secs. 
Using a conversion velocity of 2600mVsec these times depth convert 
to between 180 and 240m. Comparing these depths with the 
generalized section of figure 6.1, the reflection horizons would 
appear to originate from the sandstone cycles between geological 
horizons T and U. 
Considering the marked improvement in data quality found on 
line 1 using the deep shot holes, one could reasonably asswne that 
had we exploded the detonator in rockhead or, better still below 
the weathering zone, further improvements in the reflection data 
quality could be achieved. But at Hemscott North where the drift 
cover varies from 10 to 25m, this would not have been economically 
viable for this survey. One could also have improved the data 
quality by increasing the power of the P wave source using 
gelignite on lines 2 and 6 in the areas of thick drift. As this 
was the first reflection data we ever shot, we had no previous 
experience of the data quality required on the 
produce a quality final section. 
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SliTE NQ. 4 
Hig~ Thorn is situa~ed on the coms~al plain a~ Druridge Bay in 
emsteT~ NoTthmnbeTland. The site is n.Smm soMth west of the 
Hemscott North su~vey area, which was visited in the autmmn of 
1932, and is south of the Grange NIDor Fault. The purpose of the 
seismic surveys at High Thorn was to use the P wave reflection 
technique over an area of old mine workings, to observe what 
effect the presence of the workings has on the reflection section. 
The intention was to see whether the technique can be useful in 
the determination of the position of the boundaries of old mine 
workings. An exmnple of seismic reflection section recorded over 
an area of old mine workings by is displayed in Chapter 2 (VVaters, 
1979). 
The High Thorn site is ideal for investigating the possibility 
of using the P wave reflection technique for this purpose. This 
is because at High Thorn, only one coal seam has been worked in 
the Carboniferous sequence. Therefore this makes interpretation 
of the results less difficult than if two or more seams have been 
worked vertically above each other. The Yard seam has been worked 
in a 2mm square area at High Thorn (at a depth of approximately 
55m below land surface) over the past century, first I y by the 
Ferney Beds Colliery (abandoned 1924), in the early 20th century, 
and secondly in the late 1960s by Ellington Colliery. The Ferney 
Beds Colliery used pillar and stall mining including where the 
pillars had also been removed by retreat mining (goaf). Ellington 
colliery on the other hand used the ~dern longwall panel mining 
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me 'dwd. This situation is ideal fo~ the pu~pose of our exercise, 
as a variety of g~ound condfrtfrons related to old mine workings can 
be investigated at this site. 
V&en coal is extracted from am area by underground mining, the 
ovewllying stra~a natuwally subside to fill ~he void created (plate 
2). The effects of this subsidence rrmy extend all the way to the 
surface if the workings are shallow. The area of subsidence 
extends upward from the edge of a mined area typically at an angle 
of 35 degrees 
d raw" (NCB , 1 9 7 5 
with the vertical: this is known as the "angle of 
Ward, 1984). The collapse of the roof of the 
coal serum causes a zone of broken rock above the workings. The 
ability of the reflection technique to detect areas of mine 
workings, must be based on the fact that the zone of broken rock 
will exhibit a significantly lower and more variable seismic 
velocity than adjacent unworked areas. This effect will manifest 
itself on the final section by an increase in the reflection time 
to a particular horizon. Other effects such as static errors and 
areas of poor data quality due to the areas of broken rock may 
occur. If the workings are still intact and are air or water 
filled, then a large reflection coefficient will occur at this 
horizon, so the old workings will appear as a bright spot on the 
reflection section. 
From information gathered from old and modern mine plans, and 
from exploration drilling by the Opencast Executive, a site plan 
showing the P wave reflection lines and the areas of old workings 
has been compiled with help from the site geologist (figure 7.1). 
The map represents all the information known about the underground 
layout. One cannot totally rely on old mine plans, especially 
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where mJinnng was supposed to termin<ilte at a royalty boundary. Tlhe 
pla~ can be unreliable because it is not umco~n to find that t~e 
mining trespassed over the boundary. Also another factor in t~e 
exact positioning of the underground workings is the accuracy of 
the surveying techniques ~se& at the time. Therefore the nllip must 
be ~sed witlh some scepticism. 
Data Acquisition 
--~----
High Thorn was first visited in August 1984 in our last field 
season, when lines 1 to 4 were shot. Line 6 was the last profile 
to be shot by the seismic crew, at the end of September 1984. 
Five seismic lines were shot at High Thorn. Four of the lines 
were designed to cross over the proposed boundary between unworked 
and worked strata. Line 4 traversed a proposed boundary between 
an area of pillar and stall working and goaf (figure 7.1). 
After the experience of using ordinary electrical detonators at 
Hemscott North, and the problems that were caused by the random 
time delays that they exhibited, seismic detonators were used 
throughout the surveys at High Thorn in conjunction with 1oz or 
2oz gelignite charges, depending upon data quality tests employed 
• 
on each 1 ine. The source was buried at~ depth of l.Sm in the 
glacial drift overburden for all the surveys. A Sm peg spacing 
was used throughout the surveys. 
Due to the effects of clipping of the near offset traces seen 
at Keekle, no frequency filters were used on recording throughout 
the surveys carried out at High Thorn. The reflection data was 
recorded for 500msecs (1024 srumples at O.Smsec sampling interval) 
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on each of ~he Rines. 
)Line n 
Line ll is located in the so~th east of the survey area with the 
intention of crossing the boundary of the sollnd gro~md a~d a~ ~re~ 
of goaf (figure 1.~). 
Line 1 was shot using a 5m peg spacing. ln total 23 shots were 
taken between pegs 1 and 33, at a shot point interval of 10m. 17 
shots were recorded using a 12 channels only, whilst SiX shot 
points (at the southern end of the line) had two shots taken from 
each of them, resulting in a pseudo 24 channel CSG. Shot to 
geophone offsets of 35 to 90m (12 channel CSG), and 35 to 150m (24 
channel CSG) were employed. The acquisition geometry results in a 
rrmximum aMP fold of cover of six. 
Line 2 
Line 2 was located with the intention of crossing the boundary 
between the unworked ground and the longwall panel from Ellington 
co I I i e ry. This seismic line also intersects line 1. In total 18 
shot points were used for this survey, 9 shot points having been 
used with a single 12 channel spread, whilst 9 shot points in the 
centre of the line were recorded on two 12 channel spreads 
(producing a 24 channel CSG). Shot to geophone offsets of 35 to 
90m (12 channel CSG) and 35 to 150m (24 channel CSG) were used in 
this survey. The acquisition geometry results in a rrmximum aMP 
fold of cover of six. 
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Line 3 is also located in the south west of ~he site. As with 
Line 1, Line 3 was located with the intention of crossing the 
bo~ndary between an area of unworked ground anill an aFea of goaf 
f~om ferney IDeds Collie~y. ]8 shot poi~~s were used, wi~h a 2 peg 
(]Om) separation between them. For ]2 shot points a 2~ channel 
CSG was acquired, whilst for the northerrumost 6 shot p~ints o~~y ~ 
12 channel CSG was acquired. The shot to receiver distances are 
the srune as previous lines. The rrillximwn aMP fold of cover is six. 
Line 4 
Line 4 is located in the north west of the survey area and was 
designed to cross the boundary between areas of goaf and pillar 
and stall workings from Ferney Beds Colliery. 17 shot points were 
used in total ( a t a 1 Om shot i n t e r v a 1 ) . From e a c h s h o t p o i n t a 
single 12 channel spread was recorded. The shot to geophone 
offset was increased from previous surveys, using a near geophone 
offset of 135m to a far geophone offset of 190m. This acquisition 
geometry results in a rrillximwn aMP fold of cover of three for this 
s e i smi c 1 i n e . 
Line 6 
Line 6 was the last and most runbitious P wave reflection line 
shot at High Thorn. The seismic line was designed to start in an 
area of solid ground and continue southwards to cross into an area 
of goaf from Ferney Beds Colliery. The boundary marked on figure 
7.1 was not taken to be totally reliable, so the seismic line was 
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s~ar~ed well away from the proposed boundary in anticipation of 
~he boundary being further northward than indicated on the plan 
(figure 7.]). 
The seismic line was laid ou~ wi~h a Sm peg spacing. lln totan 
30 shot points were used om ~his sMrvey. For ~he first 2~ shot 
points, ~wo geophone spreads were used, using ~wo separate shots 
at the srune location. Spread offsets used were 35 to 9am (near 
spread) and 95 to ]5~ (far spread). No geophone overlap between 
adjacent spreads was required due to the reliability of the 
seismic detonators. For the last six shot points only the near 
geophone spread was recorded. The result of this geometry is a 
maximum aMP fold of cover of six. 
Data Processing 
The first stage of the data processing sequence carried out on 
the reflection data acquired at High Thorn was to sort the data 
into corrnmn shot gathers for each line. Band pass filter trials 
were then carried out on the CSGs to determine the optimum filter 
for each line. The process of determining the optimum band pass 
filter was aided by plotting runplitude spectra fron1 particular 
seismic traces containing predominantly ground roll or 
reflections. The filter trials were carried out individually for 
each seismic line and optimun1 filter coefficients for each line 
determined. 
The first stage in the determination of static corrections on 
the High Thorn data was to observe that the first breaks in 
adjacent 12 channel geophone spreads in each CSG show alignment. 
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For alK the d~ta recorded at High Thorn onlly one 12 channel record 
displl~yed a large time shift relative to ano~her record in the 
smne gather. This was probably due to a defec~ive detonator. A 
st~tic shift was applied to this record to correct for the error. 
As all the shots at High Thorn were burned at ].5m below the l~nd 
s~rface, which is near horizont~l over the survey ~re~, ~o static 
corrections were needed to account for elevation changes. 
The aligrunent of the first breaks on each complete CSG was 
inspected to see if any significant systerrilltic time shifts off a 
constant velocity could be observed on the first breaks. This 
method of geophone static calculation is hampered on the High 
Thorn field records, as two distinct arrivals are observed on the 
first breaks. But by observing the deepest refracted arrival, 
(which comes from a depth of 3llin), no significant deviations from 
a straight line could be observed. Therefore no geophone statics 
were applied to the reflection data at High Thorn. 
From the CSGs compiled for each seismic line, offset dependent 
mute functions were designed. 
Some near offset traces contain large amplitude ground roll 
arrivals which have saturated the AID converter of the Nimbus 
recorder. The resultant effect i s to square off the traces. 
Later stages of processing on clipped traces will introduce 
unwanted noise into the final section. Therefore all traces 
displaying clipping were rerrwved. 
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Figure 7.2 displays a ~ypical co~n shot gather from line ~ as 
recorded in ~he field, and ~he srune CSG is shown after some 
ini~nali processing has been appnied. An op~imwn ba~d pass filter 
of 35/S0/~0/!0~z was chosen for lline ll based on exruni~a~ioru of 
runpli~ude spec~ra. Near offset traces (35m, 4Sm and Sfun) are 
edited out of the data set due to clippirug. 
A feature of the data recorded at High Thorn is the high 
frequency, low velocity air wave which can be seen on each CSG. 
Even though the shot holes were well tamped with water to minimise 
the air wave, it is noticeable that even after band pass filtering 
has been applied to the data, the air wave is not removed. 
Therefore the air wave must contain frequency components which are 
equal to the frequency components of the reflected arrivals. 
Below 300msecs on the records, the air wave amplitude is 
significantly larger than the low amplitude reflections arriving 
at the same time. This causes the final reflection section 
between 300 and 500msecs to have a low signal/noise ratio. 
Line 2 
Figure 7.3 displays a common shot gather from line 3, before 
and after band pass filtering, muting and trace editing have been 
applied. An opt immn band pass filter of 35/50/150/250/Hz was 
applied to the CSG. The mute and trace editing parameters are the 
same as line 1. Typical amplitude spectra from this 1 i ne are 
shown in figure 7.4. The ground roll exhibits a typical peak 
frequency of 22Hz, whi 1st the reflected events have a peak 
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fre~ucncy of around 60Hz. 
Line 3 
Fngure 
line 3. 
7.5 displays a typical co~n shot ga~her recorded on 
The op~imwn band pass filter coefficients ~sed on this 
line are 35/50/90/105Hz, whilst the mute and editing parmneters 
are the srune as previous lines. 
Figure 7.6 displays amplitude spectra of records obtained on 
line 3. The rrmin spectrwn displays three rrmjor peaks. The first 
peak at 15 to 20Hz, corresponds to the low frequency window of the 
ground roll arrivals. The broad peak between 35 and 90Hz 
corresponds to the band of frequencies which contain the reflected 
arrivals, whilst the peak at 115Hz is the peak frequency of the 
air wave. Although it is impossible to completely isolate the air 
wave from the reflection arrivals on a seismic trace, the 
subsidiary amplitude 
trace where only the 
contains frequency 
spectrum is constructed from a portion of a 
air wave is apparent shows that the air wave 
components within the bandwidth of the 
reflected arrivals. Hence it is impossible to completely remove 
the air wave by frequency filtering without impairing the 
reflected arrivals. 
Line 4 
The acquisition parameters for line 4 are different from other 
lines recorded at High Thorn. The shot geophone offsets used to 
record the data are much greater than other lines. The reason for 
this was to record data outside the cone of ground roll which has 
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a vcloci~y of 26firrVsec as seem on previous nines. This was 
carried ou~ pri~rily to see whether nt would mllike ~ny significant 
improvement to the final section. The problem with ~his method is 
that the raypath length of the seismic wave is increased, so rrmre 
attenuation of the seismic pulse must occur. This can have a 
significant effect on ~he signal to noise ratio of the recorded 
reflections. Figure 7.7 displays a typica! CSG fTom Rine 4, 
befoTe and after injtial p~oces~in~ Ea~ been carried out. ]t i~ 
apparent from the raw field data that no ground roll was recorded. 
Data quality is poor below 300msecs. The air wave is not 
noticeable until 400msecs on the field records, due to the 
increase in the trace offsets. A band pass filter was applied to 
the CSG in an attempt to re~ve low and high frequency unwanted 
noise. 
Line 6 
Figure 7.8 displays a typical CSG recorded on line 6. The data 
quality of the records from line 6 is better than previous lines 
at High Thorn. This is apparent from the raw field record (figure 
7.8), where strong reflected events are clearly displayed between 
150 and 250msecs. 
An optimwm band pass filter of 40/50/150/250Hz was applied to 
the data to re~ve the low frequency ground roll. Traces with 
offsets of 35 to 50m were removed at this stage, due to the 
introduction of unwanted noise by trace clipping. The result of 
the editing is that one trace is removed from each aMP gather, 
thus reducing the nmximmn fold of cover from six to five. 
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JF' il g u r e 7 . 9 d i s p 1 a y s a t y JI> i c a l aJ!ll]!> l i t u dl e s p e c 'L r um o b t<ld n e d. f r om 
the gathe:r in filg\llre '7.'8. lFigu:rre 7.10) shows a g:rround roll pe<rtk 
frequency of 2~Hz wnth the reflection events havnng frequency 
components between 35 and 65Hz. 
After the inlitian trials had been completed on CSGs f1rom each 
of the seismic lilnes, to detenni~e _band_p'!ss filteu ~nd mll!t~ 
functions, the edited data were then sorted into comrnnn mid point 
gathers, so that further processing could be carried out to 
produce a final seismic section for each line. 
Before the final sections could be produced a value for the 
stacking velocity was required for the NMO correction. Figure 
7.10 displays velocity panels from line 6. The panels are 
produced by applying the optimwn band pass filter pre-stack and 
using an arbitrary stacking velocity in the NMD correction then 
stacking the traces. 
chosen on the basis 
The optimwn stacking velocity function was 
of the be s t f i n a l s t a c k . Th i s pro c e s s wa s 
carried out on each seismic line in regions of each line where 
data quality is known to be good. 
It is apparent from figure 7.10, that by increasing the 
stacking velocity from 1600 to 2000m/sec a significant improvement 
can be seen in the final stack. Increasing the velocity value in 
the stacking velocity beyond 2200m/sec makes very little 
difference to the panel. This is due to the very small rumount of 
moveout seen on the records (due to the relatively small range of 
offsets used). By observing the reflections around 200msecs on 
figure 7.8, it can be seen that the total moveout of the 
- 126 -
Shot 
Po1nt 
eli_ 
200 msac A.G.C. 
Data after editing, muting & frequency 1iHering 
Shot 
Point 
BP 35/50/90/105 
200 msec A.G.C. 
50 
• 
Melero from ahot 
100 150 
G 
Peg spacing 5 m 
- 200 0 
"0 
c 
0 
300 
(,) 
(I) 
fl) 
·-...... 
Figure 7.2 
Common Shot Gt£~her 
200 00 
~ 
~ 
0 
0 
300 (!) 
ro 
~ 
400 
Data 2Her eo1ifting, muiing & ~requency filtering 
Shot 
Point 
* 
BP 35/50/150/250 
Motar€1 from shot 
100 150 
G 0 
~ 
-----1~ff~HH~ff~~~-4oo 
200 msac A.G.C. 
P0g spacing 5 m 
Figure 7.3 
0 
'V 
,., 
= 
Q 
F. 
<C 
0 , 
a 
0 
m: 
0 
~ 
::> 
-
0 
E 
<! 
0 
.. 
Q 
"' 11!: 
Ground Roll 
14) 
·-
1-
1-
0 
IHJ!g~ T~©fr'fi"U ~®~~®{;;~kilil ©1~\~&;l L--=---:J -- -- -- - - -- --- -- - - ·- -- -- ~
~~® __ ~ljtrullif'\ 
Ground Roll 
.. g 
Hz 
Mz 
22 Hl 
w 
0 
0 
Ground Roll 
Peal!. lroquency 24 HI 
j--·-j-· 
t----
·--r---- r--
A g 
... 
·- f---
ft ~ ti B § 
Hx 
Roflectionn 
Pouh lroquoncy 60 Hz 
1_0 ~-...;,A;:.:."-"":..::".:.;•o;..__,_,1..:.1 0=-:..:H.:;-----, 
0 
"<I 
" 
-~ 
e 
<! 
g 
.2 
0 
Ci: 
Hz 
Reflections 
Pomb. hoquoncy ~ 1 HI 
fogure 1.4 
Figure 1.8 
Shot 
Point 
3 __ -
Data aHer ediiing,mu~ing ! frequency fiHering 
Shot 
Point 
* 
Met~ro from ohot 
100 1~0 
200 W; 
\Q) 
rs 
© 
300 
g 
@ 
ifJ 
·= 
= 
i 
I 
I I ~ 00 
BP 35/50/60/105 
200 msec A.G.C. 
I 
Peg spacing 5 m 
Figure 7.5 
Common Sho~ G~HHH 
S flo t 
Point 
* 
200 msec A.G.C. 
200 
300 
400 
fiJ , 
c 
0 
u 
Q) 
U) 
~ 
Data after editing, muting & frequency filtering 
Shot 
Point 
* 
BP 35/50/90/110 
200 msec A.O.C. 
Meters !rom shot 
135 1~ 
• • 
Peg spacing 5 m 
200 U) 
"C 
c: 
0 
(.) 
300 Q) 
U) 
·-
-
~ 
400 
500 
Figure 7.7 
Common Shot G®iher 
Shot 
int 
Shot poini 9 
~~~~~$1~~~~-200 00 
'Ul 
~ 
0 
0 
o..:f----j>-,J'---+---T-t---+--t--t----'r-<-t-~- 30 0 (!) 
if» 
~~~~~~~~~~~-soo 
Oats aHer editing, muting & 
Shot 
Point 
BP 40/50/150/250 
200 msec A.G.C. 
frequency Hltsring 
100metors from shot150 
@ 
l I I 
Peg spacing 5 m 
Figure 7.8 
High Thorne Lin0 G 
VelocHy penels 
Pogo 20 to 26 
1<10--- -----· - -----
Otoetr.too Votootty 
0 0 
~ u 
c c 
0 0 gaoo-l~~~~~-~~~~~~-~~~~~~---?~~~~-2oog 
~ 
2400 2900 Oto~bii:IO VolociiJ 
High Thorn Line 6 
Velocity panels 
Pogo 37 10 42 
0 , 
. 
0 
0 
aoo _ aooo 
0 
a 
sao -fffi'-{+~1:-t+T----H-t+ol~ffi'-{------/--,H-f-H-t'-H-H-----f+hLH-1-H'-H-- aoo 
1800 1900 2000 2200 Otoclltao Votoollr 
0 , 
a~~$i~~~--_j~~~~~--~~~~~-~~~~~tooE 
0 
:s 
2400 2800 2900 3000 
High Thorn Lin: 6 
Velocity Panels 
Pogo 54 to 59 
0 0 
~ , 
. . 
0 0 
~aoo~n+~~~~-~~~~~--~~~~~-~~~~~--aoo~ 
~ a 
2000 2200 Dtaclll•o Votooltr 
0 
"' . 
0 
~~~~~-~~~~---~~~~~-~~~~~-200~ 
~ 
a 
2900 Oto.oO.Iog votoolttr 
~eflections is less than l~secs over a distance of 1~frJm. 
Results 
As the boundary between unwor~ed and wo~ked strata rrlliy be 
rrmrked by an increase im static effects on the finan section, fo~ 
lines 1,2,3 and~ two final stacked sections with and without the 
0\tW ~ligned sta_!ics ll'OUt!~e included in the processjng _ se_que_!l_!:e, 
are plotted. By comparing the two sections, the areas exhibiting 
static effects can be distinguished. 
Line 1 
The final stacked sections for line ] are shown in figure 7.11. 
Both sections show a two leg reflection event, at a two way 
traveltime of between 170 and 20~secs. On section B, with the 
aMP aligned statics routine used, the amplitude of the reflection 
event relative to the background noise is improved upon. This is 
particularly true toward the higher peg numbers, indicating that 
there are some static errors present. 
Between pegs 15 and 27 the reflection is almost horizontal. 
The traveltime of the reflection increases· to a maximum value 
around peg 33. Beyond peg 33 the reflection event appears to be 
displaced toward a smaller value of traveltime. This feature is 
highlighted on figure 7.12 where only the largest positive 
amplitude peaks are plotted. The reflection event around 20~secs 
stands out as the single coherent event on the section. 
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Figure 7.13 displays the final sections from line 2. As with 
line n, which line 2 intersects, a reflection event is seen at a 
~wo way traveltime of around 13~secs. The sections from line 2 
display rrwre reflection energy than linne li, bMt the reflection 
events are !a~erally inconsistent. 
The use of the aMP aligned statics routine in the processing 
sequence does improve the data quality but not by a significant 
rumflunt. This result indicates that although there ~y be static 
e r r or s pre s en t , they a r e of a sma 1 I amp I i t u de . The r e f 1 e c t i on s 
are alrrmst horizontal across the section, but are displaced in two 
areas around pegs 27 and 33. The data quality decreases toward 
the end of the line around peg 50, but this may only be due to a 
decrease in the fold of cover toward the end of the seismic 
section. 
Line 3 
Figure 7.14 displays the final sections produced from line 3. 
The data quality is poor compared to lines 1 and 2. The use of 
the aMP aligned statics routine does make an improvement to the 
data quality. The two features apparent on the sections are a 
reflection from around 180msecs between pegs 10 and 20, and a 
shallower reflection from around 125msecs between pegs 20 and 31. 
Between pegs 31 and 40 the data quality decreases and no coherent 
reflections can be seen. 
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Line 4 was shot totallly over an area of old workings, with a 
different field acquisition geometry to the other lines. IDoth 
sections displlayed in figure 1.15 have ~he aMP a!igned statics 
ro~~ine included in ~he processing sequence. IDecause ann the 
reflection data were recorded outside the cone of ground roll, 
this al!ows ~he use of a wider frequency bandwidth into the lower 
frequencies than can be used on all other lines. Section B has 
the lower frequency content, which improves the data quality of 
the deeper reflections from around 300msecs. 
The rrmst significant event seen on line 4 is the band of 
reflections between 120 and 200msecs. These strong events appear 
horizontal between pegs 57 and 47, but increase in traveltime from 
peg 47 to peg 33. Beyond peg 33 they appear to die out. 
Line 6 
As figure 7.16 shows, line 6 displays the best data quality of 
all the seismic reflection lines recorded at High Thorn. Strong 
reflection events between 140 and 220msecs occur across the whole 
section. 
Section A, without the aMP aligned statics routine included in 
the processing sequence, has patches of poor data quality notably 
around pegs 27,33 and 54. Section B with the aMP aligned statics 
routine included displays lateral consistency of the reflections. 
The areas of poor data seen on section A are now infilled. This 
indicates that these patches of poor data quality are due to 
- 129 -
static effects impairing the stack of the aMP gathers at these 
locations. 
Xnteryretations 
Altho~gh all the sections recorded at High Thorn displlay clear 
reflections, e~cept for line 6 the refliections show no lateral 
consistency. For the the results from each 
- -
line, a line drawing of the section is displayed vertically above 
a proposed geological cross-section constructed from available 
borehole infonnation. 
Line 1 
Figure 7.17 shows the relationship of the seismic section to 
the proposed geology. The reflection events on line 1 originate 
from approximately 200 to 250m below the surface. This depth IS 
well below the depth of the mine workings, being only SOm below 
ground level. No direct reflections off the worked semn can be 
imaged. 
The band of near horizontal reflections between pegs 20 and 28 
occur over an area of unworked ground. The increase in traveltime 
of the reflections between pegs 28 and 33 is consistent with a 
lowering of the seismic velocity of the near surface strata due to 
the cone of subsidence. The decrease in data quality beyond peg 
34 may mark the area of pillar and stall working. 
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Figure 7.18 displays the relationship of the seismic section of 
line 2 and the proposed cross-sectional geology. The section 
displays patches of reflec~ions which are dnffnculit to reXa~e to 
~he proposed geological cross-section. The decrease in ~he da~a 
quality beyond peg 48 nlliY be a result of the longwall panen. 
Line 3 
As figure 7.19 shows, Line 3 exhibits a band of reflections 
between pegs 10 and 30 over the unworked strata. The reflections 
suddenly die out beyond peg 30, this point coinciding with the 
transition from unworked strata to goaf. 
Line 4 
Figure 7.20 shows a strong band of reflections from 100 to 
20~secs, between pegs 57 and 33. These reflections depth convert 
to around 150 to 20~, well below the mining horizon at S~n depth. 
The reflections exhibit an apparent dip toward the lower peg 
numbers, and suddenly die out at peg 31. There is no evidence for 
a structural dip from the borehole information. The apparent dip 
must therefore be a velocity pull down feature related to the 
lowering of the seismic velocity of the near surface strata, due 
to mining induced subsidence. The point at which the reflections 
die out at peg 33 may mark the boundary between pillar and stall 
mining and goaf. 
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FigMre 7.21 displays the seismic section for line 6 plotted in 
such a way that it more truly reflects a true depth cross-section. 
The strong band of reflections from 140 to 22~secs depth convert 
to between TI75 and 275m depth. This depth is again well benow the 
Yard serum horizon at 45m. The strong lateral consistency of the 
reflections indicate that the data wer_e acq_uired over a~a_!~a of 
unworked ground, as indicated on the original plan (figure 7.1). 
The premise that the area of mine working ~y have extended north 
of the point indicated on the plan seems unfounded. 
The perturbation in the reflections at peg 45 which is seen on 
both sections (figure 7.16), coincides with an area of faulting 
indicated on the old mine plans and from borehole logs. Although 
the fault throw is s~ll at a depth of s~. the throw ~y increase 
with depth and be a significant feature at around 25~, which is 
the depth of origin of the reflections. 
Conclusions 
The results of the trials at High Thorn are disappointing. 
Although some features seen on the reflection lines can be related 
to the boundaries of old mine workings, there does not appear to 
be any consistency. 
The rrmin reason for this is that the mine workings are too 
shallow to be directly i~ged by the reflection technique. The 
mine workings are only 5~ deep, whereas the shallowest 
reflections recorded originate from a depth of 15~. As a result 
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we are relying on the mine workings calllsing effects such as an 
nncrease in ~raveltnme to a refllector mmd a decrease nn data 
quality on reflections which originate fromwell below the mined 
horizon. 
llm the exmnple gnvem by Waters (li97~) showm in chm~ter 2, the 
depth of the pillar and stall mining is 20fr.m, welll within the 
range of reflection depths recorded at High Thorn. Given such a 
situation at ~igh Thorn, the reflection data would have yielded 
more useful information. 
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KEEKl,E sn'E w . .s 
Keekle Ex~ension si~e is si~~a~ed on the Cmnbrian Co~!Kield on 
the western flanks of ~he Lake Dnstric~. 
reflection and refraction surveys at this prospective opencast 
____ s_ite was to locate ~_major fault whiclh acts as a boundary to the 
proposed opencast coal site, and to locate other minor faults 
within the Coal Measures. 
The geology of the site and the surrounding area is displayed 
1n figure 8.1. The surface geology in the area consists of 
Carboniferous and Penna-Triassic rocks. The Cwnbrian Coalfield 
has a gentle westerly dip, off the central Lake District dome. 
The coalfield is transected by a series of nonnal faults with 
general north easterly and north westerly trends, these are 
Hercynian in origin. Some faults display later reactivation where 
they cut Penna-Triassic strata. The faults generally displace 
Penna-Triassic strata by 3~ or less, although the same fault may 
displace the underlying Carboniferous strata by a much larger 
amount ( Mo s e l e y , 1 9 7 8 ) . 
The oldest rocks exposed in the vicinity of the site are the 
Lower Carboniferous (Dinantian) strata. These consist of a series 
of limestones and shales. Limestone horizons being locally up to 
~ in thickness. Overlying the Dinantian is the Ntillstone Grit 
(Namurian) strata. The basal bed of the Namurian is the First 
Limestone which is locally an average of 1~ in thickness 
(Eastwood, 1931). Overlying the limestone is the Hensingham Grit 
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Information obtained from Geological Suntey sheet 28 (Wh•tchav<l>n, 
Figure 8.1 
seFies. This series consists of coarse sands~ones, mudstones and 
~hnn limes~one horizons. 
Above the Nrunurian lie the Coal Measures (West ph a 1 ian), wlh. i ern 
can be divided into the PFoductnve (Lower) and ~fue Upper Coal 
Measures. The lithologies of the Wes~phalian, ra~ge fFom coarse 
sandstones to ~he finest of mudstones, the coal serums of economic 
importance being contained in a group of measures srnne 300 to 400m 
thick. The Westphalian locally exhibits a reddened appearance due 
to oxidation effects related to the pre-Pennian land surface 
(Moseley, 1978). 
~erlying the Carboniferous strata are the Pennian and Triassic 
rocks. These are separated into the Brockrrun and the St Bees 
Sandstone. The Brockrrun 1s a basal breccia found along the 
fringes of the Lake District dome, and is a hard, well cemented 
rock. Its niaximum recorded thickness locally is 26m, although it 
is generally much thinner. The overlying St Bees Sandstone is 
Triassic in origin and is a dull 
sandstone. 
red, fine to medium-grained 
The fault of interest has an estiniated Carboniferous throw of 
220m (from BGS geological map no.28) and causes the Productive 
Coal Measures to lie adjacent to the downthrown Penna-Triassic 
strata (figure 8.1). The geological infonnation given in figure 
8.1 was obtained entirely from the BGS 
Whitehaven area publislled in 1929. 
geological 
When we 
n1ap of 
c mnne n c e d 
the 
our 
operations at this site, this was the only inforniation available 
on the exact fault location in the area, as no drilling had been 
carried out by the Opencast Executive at that time. 
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8. 1 P WAVE REFLECII<I-l LINE 
The site was first visited in September 1983, when the seismic 
reflection line was surveyed. Due to the long length of seismic 
line required, a Sm peg spacing was chosen for the survey. The 
location of the seismic reflection line was designed so that it 
straddled the proposed fault location given on the BGS ~p. From 
the geological ~p. the fault trend is given as NW-SE and should 
intersect the seismic reflection line at peg nmnber 67. A 
detailed plan of the line location is given in figure 8.2, The 
drift cover along the seismic line is thin, varying from zero to 
10m, generally only 3 to Sm thick. 
Due to the improvement in data quality achieved at Hemscott 
North by the increased depth of burial of the source, it appeared 
imperative that at Keekle the explosive charge must be buried into 
rockhead. This required that shot holes had to be drilled for 
this survey. The departmental Victor Products waterflush drill 
was used for this task. Drilling was not an easy task, due 
firstly to boulders in the overburden, and secondly to the 
hardness of the rockhead. The cores displayed the characteristic 
reddening mentioned previously. The shot holes were only able to 
penetrate about 1m into rockhead (5 to 6m hole depth). After much 
effort twelve shot holes were drilled between pegs 37 and 79. It 
was hoped that this penetration would be sufficient to obtain high 
frequency data. 
At each shot point, six 12 channel geophone spreads were laid 
out, with no geophone overlap between spreads. This produces an 
effective 72 channel connwn shot gather. The source used for the 
- 136 -
:)( 
~ 
~ (S ~ a :t: o= ..... :;:) 
= 00 
0 
g 
1.1'1 
~ o= 
w E 
[)= 00 o= 
~ @ 
w ~ 
~ 
w © 
d ~ ~ 0 w o= ~ 
~ 
(f): 
© 
dJ 
survey was a seismic detonator, exploded in rockhead. The data 
was recorded for 51~secs (0.5msec sampling frequency). A 100Hz 
high pass analogue filter was used on recording to rerrwve ground 
roll on the field records. In total, 74 records were recorded on 
tape. Figure 8.3 displays the records obtained at shot point 79. 
No reflected energy was received below 30Qmsecs, due to our low 
power (high frequency) P wave source. Subsequent data processing 
irst 300msecs of data. Fi ure 8.4 
displays the complete CSG as recorded. By the application of a 
time varying gain function to the field data one is able to 
observe the deeper reflections down to 300msecs (figure 8.5). 
The first stage of data processing carried out on the data was 
to design a mute function to effectively rerrwve the first break 
refraction arrivals from the data. No problems were encountered 
with reverberant refractions with this data, so a consistent mute 
function could be applied to every CSG. On figure 8.5, ·one can 
see that the traces with offsets close to the shot exhibit no 
coherent reflected arrivals. The short offset traces also exhibit 
clipping due to the. saturation of the AID converter. The 
inclusion of these traces in further processing would only impair 
the final section, so traces with offsets of zero to 2Qm were 
edited out of each aMP gather. 
Great care was taken with the data to calculate the static 
corrections for this reflection line. A three-stage process was 
carried out on the data. 
elevation and shot 
Firstly the effects of the land surface 
depth variations along the line were 
calculated. The landsurface topography displays a gradual rise of 
20m eastwards along the line. The effects of the elevation on 
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each shot to receiver raypath were calculated and renwved down to 
a datmn of lOOm (aod), this is the land surface level at the 
western end of the line. Shot statics of +2.5 to -~sees and 
geophone statics of -2 to -8msecs were applied to individual 
traces (shifts greater than 1/2 wavelength for 150Hz data). This 
process effectively renwves the long wavelength statics. The 
second stage was to plot out the first break infonmation from each 
shot point (figure 8.6). Any anomalous early/late arrivals can be 
clearly seen on the graph and a corresponding static shift 
applied. Less than ten traces required this treatment. This 
technique renwves high rumplitude, short wavelength statics. 
Thirdly any residual static effects can be removed by the addition 
of the aMP aligned statics routine to the processing sequence, 
restricting the maximmn static shift to half 
predominant frequency. Figure 8.7 displays 
a cycle of the 
the CSG after the 
application of the first two of the above processes. 
The next stage in the data process-ing sequence is the design of 
the band pass frequency filter. Figure 8.7 shows that ground roll 
modes are still present on the data at this stage, having not been 
effectively removed by the analogue field filter. Separate 
rumplitude spectra were analysed for traces containing 
predominantly ground roll and reflec:tions. Figure 8.8 displays 
typical results from these tests. Spectrwn fl originates from a 
ground roll trace, the peak frequency being 40Hz. Spe.ctrmn f2 
originates from a trace solely containing reflections, and 
displays high frequencies ranging from SO to 170Hz. The optimmn 
filter must remove 40Hz ground roll, whilst retaining frequencies 
between 70 and 200Hz. Figure 8.9 shmws the results of the 
application of the optimmn band pass filter on the CSG. Trials 
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were ~lso car~ied out using a time va~ying ba~d pass filter on the 
data (figure 3.10). The philosophy behi~d using a time variant 
band pass filter lS that it a!}OWS you tO pass onUy the very 
highest f~equencies for the near surface reflections, but 
gradually nnt~oduce Rowe~ f~equencies into the data at later times 
to account for dispersion and abso~ptnon effects. This tech~iq~e 
alUows the deeper reflections to be e~hanced whilst retaining 
optimum resolution of the near surfa~e_re_fllf,':_c!_ions. JF'g~_th~ filna_l__ 
section a band pass filter was applied pre-stack whilst a time 
varying band pass filter was applied post-stack. 
The corrnmn shot gathers were then re-sorted into co~n mid 
point gathers. The resultant fold of cover varied from a UlliXimwn 
of 10 in the centre of the line to 2 at the ends (figure 8.~~). 
The calculation of the stacking velocities was carried out by 
firstly band passing the data, then stacking with constant 
velocities between 2000 to 4000mJsec at 200rrUsec increments. This 
technique was carried out 
velocity picks made (figure 
velocity profiles chosen. 
on two se~ents of the line, and the 
8.12). Figure 8.13 displays the 
The velocity at zero time was tied to 
the refracted arrival velocity value. The velocity profiles are 
similar, so an average stacking velocity profile was used for the 
whole line. 
A variety of pre-stack and post-stack deconvolution operators 
were applied to the data, none of which enhanced the data, causing 
only a decrease in the signal/noise ratio. Therefore this 
technique was not added to the processing sequence. 
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Figure 8.14 
produced for 
displays the final 
Keekle Extension. 
seismic reflection section 
The section displays high 
frequency data with bands of reflection events clearly apparent, 
although few between 0 to 150msecs display any lateral consistency 
across the seismic section. Figure 8.15 was produced to display 
the true relative amplitudes of reflection events on the seismic 
section. Clearly the strongest events occur between pegs 50 and 
65, wit~a_strong event ~Omsecs between pegs 75 and 80. _'fhere 
is also a deep event at 170msecs laterally consistent between pegs 
50 and 90. Few reflections occur around peg 40. 
Interpretation 
The interpretation of the Keekle Extension reflection line is 
shown in figure 8.16. The subsurface structure is one which is 
highly faulted, with normal faults separating blocks of solid 
geology of varying dips. ~erall the strata exhibit a general 
apparent dip towards the south west. An attempt has been made to 
define the fault positions and dips, although it it difficult 
tracing the faults at depth. Between pegs 40 and 46 there is a 
zone where no coherent reflections occur, This may be due to a 
near surface feature impairing the data quality. 
~erlaid onto the seismic interpretation is the geological 
interpretation by the Opencast Executive based solely on borehole 
information. Up to peg 80 both techniques come to similar 
conclusions regarding the near surface. Beyond peg 80 the seismic 
interpretation suggests two near vertical faults not apparent on 
the borehole interpretation. 
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Figure 8.15 
the seismic mor 1he borehole interpretation allllows for 
the presence of ~he boundary fault in its asswned llocatnon from 
the geological ~p (figure 3.]). Therefore the fault position om 
the rrillp must be incorrect, the true fault location being some 
distance eastward. The seismic interpretation displlays a 
consistent character up to peg 36, vmere a near ver~ical faullt ns 
interpreted. ~ether or not this could be the boundary fault is 
uncllear, as nt occurs at the extreme eastern end of the line. 
If the geological cross-section (figure 8.1) is correct, the 
Permo-Triassic strata would appear at rockhead on the downthrown 
side of the boundary fault. One would expect a change in the 
character of the seismic section if the shots and receivers were 
on the Permian Brockrrun. Up to peg 86 this appears not to be the 
case. Therefore if this is so, we must still be on Carboniferous 
strata up to peg 86. 
Using the velocity function obtained from the velocity 
analysis, the section can be re-plotted so that the vertical and 
horizontal scales are approxirrllitely equal (figure 8.17). The 
section now displays true dips. 
The seismic section shows three bands of reflections. Firstly 
between 0 to 120msecs (0 to 17~ depth), originating from the 
Productive Coal Measures, which exhibit a typical cyclic sequence. 
The seismic wavelength through these measures is approxirrllitely 
20m. Therefore the thin coal seams would not be resolved on the 
seismic data. The reflections would originate from thick 
sandstones within the sequence. Between 120 and t50msecs (170 to 
22~ depth) there is a quiet zone of poor reflections. This 
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corwesponds to the grits of ~he Nrunurian, where one would not 
expect large reflection coefficie~ts to occur. !Bellow TISOmsecs 
(22~) there are two strong reflection events at TI70 and 22~secs 
(280 and 36am depth). These probably originate from the First and 
Second Limestones at the base of the Nillnurian and within the 
Dinantian sequence. 
The original obje<:_ti!e of the s':!_rvey, to loc~te t_he boundary 
fault, has not been realised. This is due to the fact that the 
fault must be located further eastwards than previously thought. 
It was originally hoped that the seismic line would have 
extended further eastwards than it did. This was due in the main 
to the problems encountered in drilling the shot holes into the 
very hard rockhead. A considerable runount of the available time 
was lost due to this. 
8. 2 P WAVE REFRACfiQN LINES 
The site was re-visited in ~y 1984, when an attempt was rrmde 
to extend the survey eastwards. Due to the fact that other 
projects were being undertaken at different sites at this time, 
time constraints did not allow us to extend the reflection line. 
As a result only P wave refraction surveys could be undertaken. 
It was hoped that these surveys would at least reveal the position 
of the boundary fault at rockhead. 
Two P wave refraction surveys were carried out. One along the 
trend of the seismic line, the other in a NE-~ direction (figure 
8. 2). The data were acquired using loz explosive charges buried 
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at a depth of ].5m lin the overburden and Sm peg spacing was used 
for the surveys. omly two days were alliotted fo~ this work. 
Figures 8.18 and 8.]9 show the raw field data and the velocity 
anaRyses carried out on the data. The results frrnm line ] show a 
dlram.a tic ~nifonnnty in refractor veliocity across the lli ne, 
displaying a velocity of 2404rrVsec. Line 2 displays a signlificant 
break in refractor velocity at peg 20. VVest of peg ~0 the 
refractor velocity is 2745~sec. East of peg 20 the refractor 
velocity is 2308rnJsec, which would correspond to the refractor 
velocity found on line 1. 
Figure 8.20 shows the final interpretations of the refraction 
data at this site. The Generalized Reciprocal Method (Palmer 
1980), was used for the interpretation. Line 1 shows an apparent 
ridge in rockhead at peg 30. This depth change is not well 
constrained due to the lack of time spent in carefully monitoring 
the overburden velocity over the whole line. The ground 
conditions were not consistent as there was a bog between pegs 21 
and 25. Line 2 displays a consistent overburden thickness of 1m. 
There is a significant change in refractor velocity at peg 20. 
The anorrllily at peg 20 on line 2 is along strike from the near 
vertical fault interpreted at peg 87 on the reflection line. 
Therefore these two features are 
structure (figure 8. 21). Whether 
probably 
or not 
defining the 
this fault 
hypothetical boundary fault is uncertain at present, as it 
same 
is the 
1 i e s 
outside the present prospective opencast boundary limits, so no 
drilling has been carried out in this area. 
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STOBSWlOQ s xn: NO. 6 
Stobswood is ~ prospective openc~st coal snte situa~ed ne~r the 
vii!~ge of Tri~llington in Eastern Northmnberland. The site is 
loc~~ed on ~he extreme north western edge of the Northmnberlland 
co~Hield. 
The problem under investigation at this site is the accurate 
location of a rrmjor fault which crosses the northern part of the 
site. This fault is the western extension of the Grange NIDor 
Fault that was first studied at Hemscott North. The Grange Nfuor 
Fault is one of series of major faults found in the Northwnberland 
coalfield. It has a NE-~ trend at Stobswood and downthrows the 
Carboniferous strata toward the south. In the central area of the 
Stobswood site, the fault location is accurately known from 
borehole information gathered on a dense 60m grid pattern. The 
fault plane has a dip of SO degrees towards the south east, and 
has a large unknown throw. The fault would fonn a boundary to any 
prospective opencast working. 
The site was first visited in September 1984. The objective at 
this site is to locate the fault precisely along strike to the 
west and east of the central area where there 1s little or no 
borehole information available. Two seismic lines were laid out 
for this purpose; both were investigated using P and S wave 
refraction techniques (figure 9.1). 
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Line 1 was laid out at this site using a 3m peg spacing 
perpendicular to the estirrmted fault trend. to the west of the 
central area. 
P Wave Data 
The P wave source was an explosive charge (1/4oz to 2oz) buried 
at a depth of 1.5m in the glacial drift. 
12 channel records were acquired using a variety of shot to 
geophone offsets from zero to 120m, with a shot spacing of 30m. 
Data were acquired in both the forward and reverse directions. 
Figures 9.2 and 9.3 show the P wave field records recorded along 
line 1. The field records display an extremely complex set of 
first arrivals. There is no consistent refractor along the line. 
The refracted arrivals tend to be overtaken by a deeper higher 
velocity refractor or die out, especially in the central area of 
the line. Also high velocity refracted arrivals continue into 
lower velocity se~ents. The most complex first arrival patterns 
occur between pegs 30 to 50. 
Where both the forward and reverse refracted first arrivals can 
be assumed to originate from the same refractor, using criteria 
such as apparent velocity, intercept time and end to end times as 
a guide, the Generalized Reciprocal Method (Palmer,1980) was used 
on the reversed data for interpretation. When no overlap exists 
between the forward and reverse arrivals, a dipping planar layer 
interpretation technique was used on the data. Single ended 
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intercept ~imes were also used to estirrllte the depth of the 
boundary be~ween the overburden and the first refr&ctor. 
Figure 9.6 displays the final seismic model produced to account 
for the intricate first arrival patterns seen on line li. The 
mn de l i s c amp 1 i c & t e d : i t d i s p 1 a y s two cl il s 1t. i n c t n- e g il o Ill s . lB e twe en 
pegs 10 and 30 a si~le two-layer model fits the data. with a 
_ _l_ayer of P wave seismic ve~o~ity 1!042m(sec ov_erl~~~~a- refractor 
of velocity 2543mJsec at a depth of 13m. This boundary is deeper 
than the rockhead boundary depth given in the borehole logs, and 
is probably the base of weathering of the sandstone at rockhead. 
Between Pegs 40 and 80 a very different model is required. A 
three-layer model is needed to explain the complex first arrivals 
recorded in this area. The upper boundary between the 1050m/sec 
surface layer and the underlying 1826 to 2074mJsec refractor at a 
depth of 4 to 6m appears to be coming from within the drift layer 
(from borehole information). This boundary also gives rise to 
high frequency first arrivals on the field records. This boundary 
is probably the top of the water table, i.e. the boundary between 
dry and wet unconsolidated material. The presence of water has a 
significant effect on the P wave velocity through unconsolidated 
material. 
The rockhead boundary (as given in the borehole logs) appears 
to be transparent to the P wave refraction technique. This result 
has been seen at other sites. 
The deep refractor (2821rnJsec) at a depth of 4~ could only be 
defined using a planar dipping layer ~del. It appears too deep 
to be the base of weathering of the sandstone at rockhead, so it 
- 146 -
must therefore originate from <!l sandstone deeper within the 
Carbonifero~s seqMemce. 
Due to the very complex arrival patterns seen between pegs 30 
to 40, some of which rrmy even be diffractions, no structure can be 
defined in this region. Therefore the fault nocation can oniy be 
pinpointed within a 30m wide zone using the P wave refraction 
technique at this site. 
S Waye Data 
Line 1 was also surveyed using the S wave refraction technique. 
Short offset refraction spreads were recorded along the line to 
determine the near surface velocity structure and the optimmn shot 
to first geophone offset required for profiling. Figure 9.4 
displays the results of this initial survey. 
The near surface velocity structure appears simple from the 
graphs (figure 9.4). There is a direct velocity of about lOOrrVsec 
through the surface soil layer. The underlying refractor (around 
300rrVsec) corresponds to the glacial drift layer. Beyond offsets 
1000 
of 27m a refractor of around ~sec 1s recorded on the field 
records. The depth of this refractor varies from Sm at the 
northern end of the line to between 1~ and 13m at the southern 
end. These depths show good agreement with the depths to rockhead 
recorded by the boreholes in the vicinity of line 1. Therefore 
one can conclude that the S wave refraction technique is picking 
up the rockhead boundary as a refractor. An optimwn profiling 
offset of 30m was also determined from these graphs. 
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The line was profiled in both the fo~ard and reverse 
directions to obtain complete coverage of ~he rockhead refrac~or 
along the line. From this, a phantomed traveltime graph was 
produced (figure 9.5). Using the phantomed travel time graph, the 
G~ was used for the interpretation. The velocity function graph 
(figure 9.5) displays two distinct linear se~ents of 906nVsec in 
the north and noo~sec in the south, separated by a zone of 
relatively low velocity (706rr.Vsecl_b:twee~_pegs 25 and 40. 
From velocity and refractor depth considerations, the 
calculated optimmn XY spacing for the generation of the time depth 
function varied from 0.7 to 3m. As the XY value could only be 
increased by increments of 3m, in the final analysis an XY spacing 
of zero was used. The time depth graph (figure 9.5) reveals a 
rapid increase in the depth to the rockhead boundary between pegs 
25 and 32 (assuming the overburden velocity is near constant). 
Before the time depth values were depth-converted the effect of 
the low velocity (lOOrnVsec) soil layer was subtracted from the 
time depth values, using a curve produced by interpolation of half 
intercept times calculated from the near offset spreads (figure 
9. 5). The depth to rockhead was then accurately calculated and 
found to range from 5m in the n:O rth to 13m in the south (figure 
9. 6)' as with the short offset spreads. There was ·a rapid 
increase in depth around peg 30, agreeing with the borehole 
information in the area (figure 9.1). 
The exact fault position appears unclear and can only be 
determined within a 36m wide zone of low refractor velocity 
between pegs 26 and 38. The rapid increase in drift thickness 
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around peg 30 ~y be a faul~-reli&ted feat~re, caused by 
differential erosion of the rockhead because of the different 
lithologies found at rockhead on both sides of the fault. 
The fault rrmy not be a simpRe singlie fracture, but may be a 
series of fault planes occurring in a zone, &s is seen at Hemscott 
North. 
The S wave technique displays a much si~ler final result than 
the P wave technique along the smne line (figure 9.6). To the P 
wave technique the rockhead boundary appears transparent. This 
results in a complicated first arrival pattern which requires much 
effort in interpretation before the first break infor.rrmtion can be 
fully understood. The S wave technique on the other hand simply 
profiles rockhead and defines the S wave velocity of the rock 
below this boundary, thus making the identification of the fault 
position a much simpler procedure. 
Line 2 
Line 2 is situated to the east of the central area where the 
fault location is accurately known. The line was shot using both 
the P and S wave refraction techniques. Figure 9.1 shows the line 
crossing an area where the ground has been previously opencast. 
This information was not known when the seismic line was laid out 
and shot, or when the data was first analysed. 
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JP Waye data 
As with line 1, a 3m peg spacing was used for the survey using 
a variety of offsets (in light of the complex results from ~ine 
n). From the field records it was found that beyond & sho~ to 
geophone offse~ of 2~ on~y one refracted arriva~ was seen. The 
data were acquired using a 90m shot to first geophone offset. By 
analysing the direct arriv~l _on __ ~he f_iel_d _!_e_cor4_s, a _v~l_gcity f_Q_r 
the overburden of 1187rrVsec was calculated. 
The line was profiled in both the forward and reverse 
directions and the resultant phantomed traveltime graph is shown 
in figure 9.7. The data were analysed using the G~. The 
velocity function graph shows a fluctuating refractor velocity 
across the seismic line. The refractor velocity increases from 
1613mJsec in the south to 2858mJsec in the north (figure 9.7). 
The time depth function (figure 9.7) 
anomaly, indicating a large fluctuation 
refractor (assuming the overburden velocity 
result was difficult to understand when 
shows a very large 
in the depth to the 
Is constant). This 
the data were first 
analysed because the presence of the old opencast area was not 
known. It seemed impossible to fit the results to a structural 
model such as we see on line 1. Vfuen the presence of the old 
workings was known, the results became simpler to understand. It 
appears that the refraction results are 
base of the old workings, which 
unconsolidated material. 
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90 
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90 
function was calculated by i~crementa!ly The time depth 
incre~sing the XY value to p~oduce a variety of functions. The 
optimmn value of 15m was chosen because it gave the ~ximum 
rumplitude to the function. This is a good way to detennine the 
optimwn value when you are dealing with a V-shaped dep~ession 
(Palmer,1980). Using the ove~burden velocity, ~efracto~ 
velocities and the time depth values the data were 
depth-converted. The resultant d~pth values are tied into 
borehole at peg 18, which gave the depth to the 
lO.Sm at this point. The ~ximum depth 
old workings of 
of the old workings 
calculated from the seismic data is 36m. Borehole information 
from the vicinity gives a ~ximum depth of 25 to 3~. 
Using a depth of 36m and the known overburden and refractor 
velocities, the optimwn XY spacing can be calculated using Snell's 
law. From this, the optimum XY value can be seen to fluctuate 
between 20 to 40m, much larger than the value used in the 
analysis. This discrepancy can be attributed to the lack of 
knowledge that we have of the overburden velocity. The seismic 
velocity ~y vary quite considerably in the backfill ~terial due 
to its inhorrmgeneity. The velocity would also increase with depth 
due to consolidation. The depth of the old workings calculated 
from the seismic refraction results is not well constrained. 
Although the runplitude ~y be in error, the overall 
cross-sectional shape of the area IS quite accurate. 
Figure 9.8 also shows a schematic cross section of the old 
workings and its relation to the geological structure. Near 
surface coal seams have been exploited south of the Grange N.Wor 
Fault. Once the fault was reached the excavation would have been 
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tenninated, and ~he area backfilled. It is difficu!t to detennine 
the exact posi~ion of the Grange Nroor fault with this structure. 
The fault can only be located by using the refractor velocities to 
indicate a lithological change each side of the fault. The 
detennination of refractor velocites beneath such a severe 
depression is unreliable (Sjogren,]984). 
S Waye data 
Line 2 was also shot using the S 
source and receivers were located 
wave technique. When the 
around peg 1, clear first 
arrivals were seen on the field records. As soon as the source 
and receivers crossed the field boundary around peg 20 (figure 
9.1), the first arrival runplitudes coruvletely died out. At the 
time this was attributed to the fact that the source was now 
standing on a ploughed field, where ground coupling was very poor. 
In hindsight knowing of the presence of the old workings, a rrmre 
significant reason is the highly attenuating nature of the 
backfill .material on the shear waves. 
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MARLEY HILL SITE N) 7 
~rley Hill prospective opencast coal site is located near the 
villages of Sunniside and Tanfield, Tyne and Wear, 8.5~ south 
west of the City of Newcastle. The site lies near the frumous 
Causey Arch. 
~rley Hill was in the very early stages of exploration when it 
was first visited by the seismic team in April 1984. The prinmry 
objective at ~rley Hill was to determine whether seismic 
refraction techniques could be used in advance of 
determine the thickness of superficial (drift) 
prospective opencast site. The presence of very 
drilling to 
deposits at a 
thick drift 
deposits at a site can seriously affect the overburden/coal ratio, 
and nmy nmke a site uneconomic. 
The target coal seams at ~rley Hill are the Low~in/Top Brass 
Thill coal seams which are joined to form a thick coal unit in 
this area of the East Durham Coalfield. Also underlying these 
coal seams is the Lower Brass Thill seam. The Low~in coal seam 
is overlain by a thick (30m) sandstone unit known as the "Low~in 
Post". This is one of the most areally persistant sandstones in 
the Durham coalfield. The unit is generally nmde up of a fine to 
mediwn grained sandstone, (Fielding, 1982). 
This area of the Durham Coalfield has been economically 
exploited for nmny centuries, particularly since the seventeenth 
century. Nearby wooden wagonways date frmn the 1640s. Therefore 
- 153 -
there must be a consideFable ~unt of uncharted old mine workings 
in the target coal serums in the area. Nevertheless because of the 
thickness of the target coal seams, the presence of olld mine 
workings would not necessarily rrmke the site uneconomic. 
110. :i. P WAVE REFRA.CfiOO LINES. (l'ORTHERN AREA) 
The only information availa~le on the _drif_t thlc!!_les_s a! Madey 
---
Hill prior to the preliminary P wave surveys was based on an area 
to the east of the site. where gravel had been exploited for 
economic purposes. 
as being around 4~. 
In this area the drift thickness was recorded 
VVith this information in mind, previous experience at Hemscott 
North showed us that our S wave source did not emit enough power 
to penetrate drift thicknesses exceeding 3~. Therefore 
preliminary surveys were carried out using the P wave refraction 
technique. Larger than usual peg spacings of~ and 15rnwere used 
in the first instance in anticipation of a thick drift cover. The 
first surveys were carried out in the northern area of the site. 
The main conclusion dra~~ from the results of the preliminary P 
wave surveys was that overall the area displays a three-layer near 
surface P wave velocity structure (figure 10.1). The 
be s~rised as follows. 
layers can 
Layer 1 displays a P wave velocity of 800 to 1200mVsec, 
variety of thicknesses (depending on area) of 5 to 2~. 
at a 
Layer 2 displays a fluctuating P wave velocity of 1350 to 
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1:;150 
~sec. The base of this layer is found at approxirrllitely 20 to 
S~ (depending upon the area). The base of layer 2 usually runs 
sub-parallel to the base of layer 1. 
Layer 3 displays a narrow band of P wave ve!ocities from 2060 to 
22'70m/sec. 
The only~~~~ which d~play~ si_gn~~icantly _differen!_ results to 
these above is discussed separately. 
Analysing the above velocity structure, and using the limited 
previous knowledge of drift thickness and P wave velocity values 
from other sites, one would asswne that the drift/rockhead 
boundary corresponds to the boundary between seismic layers 2 and 
3. That is, layer 2 exhibits a P wave velocity which indicates an 
unconsolidated ~terial. Therefore any est i~te of drift 
thickness based on the seismic results alone, would be founded on 
the depth to the top of seismic layer 3. 
After the preliminary P wave seismic lines had been processed, 
drilling had also progressed at the site. Therefore the results 
of the preliminary surveys could now be compared to the available 
borehole logs. Figure 10.2 shows the results of a P wave 
refraction survey carried out along line N2. The results are 
compared to a cross-section derived from borehole info~t ion. 
The P wave velocity structure conforms to the model outlined 
previously, displaying a three-layer structure. ~en one compares 
the seismic results directly with the borehole cross-section, it 
becomes obvious that the drift/rockhead boundary correlates with 
the boundary between sei~ic layers 1 and 2, not as originally 
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assrnmed between layer 2 and 3. Xt is also apparent ~hat the drift 
cover is much thinner than previous infonmation lled MS to believe. 
Over rrwst of the Mmrley Hill site, rockhead is rrmde up of the 
thick (3llin) sandstone unit overlying the Low~in coall seam. llt 
becomes apparent that the sandstone exhibits severe weathering 
below rockhead, (identified in the borehole logs as "soft 
sandstone"). __:!'_h~ z~ne o!_ wea~hering __ s_ignUi~nqy lowers_ the_X 
wave velocity from that of the "fresh rock". The boundary between 
seismic layers 2 and 3 marks the base of the "zone of weathering". 
Because this boundary runs sub-parallel to the drift/rockhead 
boundary (boundary of seismic layer t and layer 2), this causes an 
ambiguity in the identification of the rockhead boundary at this 
site using the P wave results alone, without some borehole 
information available for comparison. 
S wave surveys were then carried out along the previous seismic 
lines. The S wave results were compared to the P wave data. 
Figure 1.0. 1 shows 
velocity structure. 
that the S wave results display a two-layer 
The boundary correlates with the rockhead 
boundary. One interesting fact is that the P wave velocity ratio 
between drift and rockhead is around 1:1.9, whereas the S wave 
ratio is around 1:4. In light ·of the advantageous velocity 
contrast, and the economics of using the cheap S wave technique to 
obtain the same information as the expensive P wave technique, 
further surveys were carried out in the southern (Andrews House) 
area using the S wave technique. 
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As stated previously the results of one P wave survey deviated 
from the typical rrwdel. These are the results found a]ong seismic 
line ND. 
Figure 10.3 dnsplays the traveltime graphs recorded at line Nl. 
Originally a reverse traveltime graph was bui~t up using~ ~ p~g_ 
-- - - -- -- ~ - - -- -- - -- -- ~ -- -
spacing in anticipation of a thick drift cover. The ~peg 
spacing traveltime graph displays a three-layer structure. The 
direct wave IS only recorded from peg 10. The first refractor 
becomes a first arrival at shot to geophone offsets greater than 
20In. A second deeper refractor was recorded when a large (180m) 
shot to geophone offset was used. The Generalized Reciprocal 
Method (Palmer,1980) was used to calculate accurate refractor 
velocities. The first refractor has a velocity of 2050+/-60mlsec. 
The deep refractor displays a P wave velocity of 2637+/-SOmVsec. 
A second reversed refraction survey was carried out using a 3m peg 
spacing ~o accurately tie down the direct (drift) velocity (figure 
10.3). The results of the 3m survey show that the overburden 
exhibits an anomalously low P wave velocity in this area. In 
fact, the P wave velocities recorded along line N1 are the lowest 
P wave drift velocities encountered throughout all our surveys 
carried out during this project. Detailed reversed refraction 
spreads were then shot using a 1m peg spacing and a seismic 
detonator as a source (figure 10.3). The results of the 1m survey 
show that the drift can be sub-divided into two layers. A thin 
surface layer (soil layer), which exhibits a P wave velocity of 
around 250mVsec. 
8m) exhibiting a 
This layer is underlain by a thicker layer (6 to 
P wave velocity of 350mVsec. Figure 10.4 
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displays a complete set of seismogrruns (42 channels) shot from Peg 
36 ~sing a 1m peg spacing. The distinct two-layer struct~we of 
the drift can be seen from the two separate arrivals (280mJsec and 
340mVsec). The strong refracted arrival originating from rockhead 
is clearly displayed. 
Figure 10.5 displays the interpretation of all the P wave 
refraction data acquired along line Nl. The rockhead boundary is 
interpreted as being at a depth of 6 to 8.5m. The deeper 
refractor lies at a depth of 45 to 60m. Because Line Nl lies in a 
topographic low, the deep refractor lies beneath the base of 
drilling at ~rley Hill. Therefore no direct comparison can be 
made with the borehole logs. The origin of this refractor is 
probably a deeper sandstone unit within the Carboniferous 
sequence. Figure 10.6 displays the location of line Nl, along 
with drift thickness values determined from nearby boreholes. It 
can be seen that the P wave refraction results consistently 
underestimate the depth to rockhead by some 3.5m. This can be 
explained by the fact that a drift velocity of 350rrUsec was used 
in the depth conversion of the time depth data. It is not 
unreasonable to asswne that the drift would display an increase in 
P wave velocity with depth, due to compaction. Asswning that the 
depth to the refractor determined by drilling is correct, the 
calculated time depth values from the survey show that the average 
P wave drift velocity is 466mJsec. If one asswnes a linear 
increase in velocity with depth, (Dobrin, 1976) a function such 
as: 
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can be employed to represent the increase of velocity with depth. 
Values such as Vo=340mVsec and K=22sec would produce the correct 
depth estirrmte for line Nl. 
One interesting fact concerning the anomalously low P wave 
velocity through the drift, is that nearby was the site of an old 
coke works (now demolished). Apparently tar obtained as a 
by-product of the coking process was disposed of by pouring it 
away over the embankment above the location of line Nl (figure 
10.6). Tar beds were encountered in some of the nearby boreholes. 
It may be that tar has impregnated the drift in this area of the 
site, causing a significant lowering of its P wave velocity. 
10.2 S WAVE REFRACfi(N LINES. SOUTIIERN AREA (ANDREWS HOUSE) 
In the southern region of the site (Andrews House area), 
boreholes that have been drilled In this area reveal an 
inconsistent thickness of the overburden. These fluctuations 
indicate the presence of glacial drift channels which have cut 
into Carboniferous strata at rockhead during the ice age. These 
erosional channels have been subsequently. infilled by glacial 
depositional material. Drift thicknesses in the Andrews House 
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area vary from less than Sm to greater than ~~. 
Figure 10.1 displays a contour rrmp of the drift thickness in 
the Andrews House area co~iled from the available borehole 
infonmation. The two rrlliin Features that can be cRearly seen are a 
nllijor east-west channel which deepens westward and narrows and 
shallows to the east, and also a north-south less deep ~hanging 
valley" which extends under Andrews House (derelict). 
it was thought that the severe rockhead topography in this area 
would be a good test of the S wave refraction technique's ability 
to determine the drift thickness. Therefore three S wave 
refraction lines were shot in the Andrews House area (figure 
10.8). Line 1 crosses the north-south valley; lines 2 and 3 
traverse the main east-west channel. 
Using the data available from 44 boreholes in the Andrews House 
area, a perspective block diagramwas drawn using the Surfacell 
graphics package (Sampson, 1975), available on the NUMAC computer 
sys tern. The block diagram (figure 10.9) graphically displays the 
lack of correlation between the surface and sub-surface topography 
in this area. The area is viewed from the south west at an 
elevation of 20 degrees above the horizon. The plot has a four 
times vertical exaggeration to accentuate the sub-surface relief. 
The positions of the S wave refraction lines are plotted on the 
surface topography. 
Refraction lines 1 and 2 have a 3m peg spacing whilst line 3 
has a~ peg spacing. Figures 10.10 , 10.11 and 10.12 display the 
traveltime graphs, velocity functions and time depth plots 
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acquired along Innes ],2 and 3. 
Line 1 
On analysns of the traveltime graph {figure HLllO), 
three-layer veloci~y structure is appaTent. Layers n and 2 
originate from the overburden. Layer n has a typical S wave 
_yelocity _ ___Q_f __ betw~~!!__l40m/se~ and 220m/~~c, which cor_r~sponds to 
the thin surface soil layer. This is underlain by a thicker 
seismic layer of average S wave velocity of 328mJsec, which 
corresponds to the glacial drift rrmterial. Beyond a source to 
geophone offset of about 20m a single refracted arrival is 
recorded on the traveltime graph. This refracted arrival 
originates from rockhead. A phantomed traveltime graph is built 
up from the rockhead refraction arrivals displayed on the 
traveltime graph, in both the forward and reverse directions. The 
phantomed traveltime graph is then analysed using the Generalised 
Reciprocal Method (Palmer,1980), fromwhich an accurate refractor 
velocity can be determined by plotting the velocity function. 
The velocity function for line 1 displays a fluctuating S wave 
refractor velocity of between 743mJsec and 1333mJsec. These high 
S wave velocities indicate a solid rock refractor. The time depth 
function clearly displays the ~utline of the drift channel in the 
increase of the time depth values to a rrmximum value over the axis 
of the drift channel. The time depth of the near surface soil 
layer is also plotted. This is calculated by interpolation 
between half intercept times calculated along the survey. For an 
accurate determination of the drift thickness, the effect of the 
near surface low velocity "soil" ~terial has to be calculated and 
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subtracted f~om the time clepth to the b~se of the drift. 
JLine 2 
The traveltime graphs for li~e 2 (figure 10.]1) disp]ay similar 
cha~acteristncs to lime 
sub-divided into two seismic layers. A phantomed traveltime graph 
was built up in the same rrmnner as line 1, and anaRysed u~ing the 
G~0The velocity function graph displays a consistent refractor 
velocity between 836mJsec and 916mJsec, except for a small low 
velocity zone in the centre of the line around peg 40. The time 
depth graph again shows the general outline of the drift channel 
in the increase in the time depth values over the axis of the 
drift channel. 
Line 3 
The traveltime graph for line 3 (figure 10.12) again displays a 
similar form to the previous lines. A phantomed traveltime graph 
was built up from the data set using the parallelism of the 
refracted events. Some difficulty was encountered in 
distinguishing the direct and refracted arrivals southward from 
peg 70. This is due to the steep away dip of the sub-surface 
refractor at this point, which results in a low "apparent 
velocity" of the refractions. The apparent velocity is not much 
greater in value than the 350mVsec drift arrival. 
The velocity function displays a fluctuating refractor 
velocity, from a central low velocity area of 385 to 950mVsec at 
the ends of the line. The shape of the drift channel is not 
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apparent on the tnme depth plot. Thns ]S d~e to the fact that the 
low ~ef~actor velocities encountered in ~he central pa•t of the 
nine result in different conversion factors requiTed for the depth 
conversion of the time depth values along the survey. 
Geological Inter9retation of the S Waye Lines 
Using the time depth values and conversion velocities 
calculated from the overburden and refractor velocities, the data 
were depth converted. The effect of the thin near surface "soil" 
layer was subtracted from the time depth values of the rockhead 
refractor.The thickness of the glacial drift layer could then be 
calculated; hence the shape of the drift channel can be outlined. 
The final interpretations are displayed in figure 10.13. 
line 1 
The shape of the glacial channel is clearly outlined by the S 
wave refraction technique. The ~ximum depth of the glacial drift 
calculated using the refraction technique IS 18m, which agrees 
exactly with nearby borehole infonnation. The depth of the drift 
at the western end of the line also shows good agreement with the 
borehole info~tion. At the eastern end, the depth of the drift 
calculated by refraction is at a 
boreholes predict. 
level ~deeper than nearby 
The rockhead refractor ve.locity is consistently greater than 
750mlsec over all the line. This indicates that we are dealing 
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with rockhead over anl the line, even over the ffiXis of the dwift 
channel. 
The shape of ~he drift channell is not c~e&rlly oM~lli~ed along 
line 2. There is a low refractor velocity between pegs 36 and ~3. 
At peg 42 the seismic depth to the refractor is ~. A borehole at 
peg 42 gives a log of ~of boulder clay underlain by a layer of 
gravel and clay to a depth of 16.8m. This gravel base is not seen 
from other boreholes along the line. Therefore it would seem that 
the deep east-west channel has a gravel fill along its axis. From 
the seismic results it would seem that over the axis of the 
channel the gravel acts as a refracting boundary, and gives a low 
velocity zone. The width of the zone is 21m, this being the 
inferred width of channel along line 2. The severity of the 
cross-sectional shape of the channel at this 
borne out by the contour plot (figure 10.6). 
the channel topography cannot be inmged 
technique. 
To the southern and northern ends of the 
location is also 
The severe nature of 
by the refraction 
line, where high 
refractor velocities confinn we are observing rockhead, the 
seismic depth to the refractor agree with nearby borehole 
inforrrilltion to within plus or minus 2m. 
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From the contour plot (figure 10.6) the nmin east-west drift 
channel appears wider and deeper along ]ine 3 compared to line 2. 
The interpretation of the seismic results confinns this. The 
general shape of the drift channeli is outlined, allthoMgh the low 
(409nVsec) refractor velocity ~y again signify that over the axis 
of the channel the boulder clay/gravel fiR! boundary rrrny be acting 
as a refractor. At the ends of the seismic line the seismic 
results show an overburden thickness some ~deeper than nearby 
boreholes indicate. 
The accurate determination of the drift thickness not only 
relies upon the accurate determination of the overburden 
velocities, but also the accurate determination of the thickness 
of the near surface "soil" layer (150m/sec). As this boundary 
cannot be profiled without some considerable extra effort in the 
data acquisition stage, some approximation must be made. This is 
achieved by interpolation between half intercept times determined 
from near offset records along the seismic line. This 
interpolation may introduce a small error in the depth estimate. 
Also an average value of the overburden velocity is used 
depth conversion for computational ease. 
in the 
The S wave technique overall is accurate in the determination 
of the drift thickness in the Andrews House area. A fourth 
seismic line was attempted in the south west corner of the survey 
area over the thick drift cover. This had to be aborted due to 
the fact that our low power S wave source did not emit enough 
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power for pick~b]e ~efracted arrivals to be necordcd fnom rockhead 
when tfue &nnft thickness exceeded 3~. The seve•e rock~ead 
topography ~y also have contributed to this. There comes a point 
when there are steep refractor dips present, when no refracted 
arrivals will be ~ecorded at the surface (Sjogren, ~~84). 
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QQNOJL]S RQNS 
OveT the three year dura~nom of thns project, fifteen 
exploTation sites have been visited. seve~ of the sn~es 
comprehensive multi-line P a~d S wave refraction or P wave 
reflection surveys were carried out, the resu~ts from~ich are 
shown in this thesis. The project tackled a variety of geological 
problem areas of particular relevance in opencast exploration. A 
great deal of experience was gained from the results, enabling the 
assessment of the potential of seismic surveys as a tool in 
shallow coal exploration. 
Seismic Refraction 
The seismic refraction technique, using both P and Sh waves, 
has been used to locate faults, estimate drift thicknesses, locate 
drift channels, and to pinpoint areas of previous opencast 
excavation. 
Fa u 1 t s i n the Carboni fer o us s t rat a can be I ocate d in two ways . 
Firstly by observing a change in refractor velocity along a 
profile caused by the fault juxtaposing two different lithologies 
at rockhead. Fault location by this method appears to be equally 
successful using either the P or S wave refraction technique when 
helpful conditions exist (Stanley moss, site 1 ; Stobswood, site 
6). Secondly, faults can be located by observing a sudden change 
in the depth to a refractor caused by a displacement of the strata 
due to faulting. The optimmn conditions occur where a high 
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ve]ocnty, easnlly llocatable >efractor, §UCh &S & thick sandstone 
bed, is faullted. This type of phe~omenon occurred at some llnnes 
at Barley hill (site 2) and along the refraction llnnes shot at 
Hemscott North (snte 3). For inmging depth anorrmlies by the 
refraction technique, the Generalized Reciprocal Method (Palmer, 
1~~0} was used to obtain optnmwn results. Thns method displays a 
mmrked i~rovement in the inmgnng of a fault step over the mmre 
co~nly used Plus-Minus technique (Hagedoorn, 1957). The 
Plus-Minus technique however displays a greater ability to ~nitor 
subtle refractor velocity variations, due to the correct 
cancellation of time anorrmlies due to the very near surface. 
Shear waves display a greater ability to irrmge sharp depth 
anorrmlies than compressional waves. Figure lili.l displays the 
results from one of the lines shot a Barley Hill (site 2). Note 
that no rrmtter what interpretation technique is used on the P wave 
data, the final results do not image the fault step as well as the 
S wave results. This is due to the fact that the velocity 
contrast between consolidated and unconsolidated rock is much 
greater for S waves than for P waves. As a consequence of this, 
the critical angle for S waves is much srrmller than for P waves 
given the 
asswnptions 
same 
made 
geological 
in the 
situation. This results in the 
delay time interpretation method being 
truer for S waves than P waves. Also anomalous zones on the 
traveltime graph caused by diffractions are srrmller if a high 
velocity contrast exists. 
The refraction method is never going to be able to pinpoint 
faults with complete reliability. This was highlighted by a P 
wave reconnaissance survey carried out in Yorkshire. The 
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refraction method failed to detect any anorrllily over a faul~ with a 
1am ~hrow. This was clue to the fact that the fault juxtaposed ~wo 
large thicknesses of mudstone with the srune P wave velocity. With 
no lithological contrast, a seismic ano~ly cou!d not be expec~ed 
to be seen, either in velocity or depth. The P wave profile 
picked out the water-tablle along ~he line. 
Both the P and S wave refraction _!_~chlliqu~s_hav~ ~lso_been u_se_d_ 
to estimate drift thicknesses at an exploration site (~rley Hill, 
site 7). This information is useful to the opencast geologist as 
it is used in the estimation of the overburden ratio. ~rley Hill 
highlighted one of the problems of using P waves in this way. 
From the final results of a refraction profile, a cross-sectional 
image of the near surface velocity structure is obtained. One can 
only use the magnitude of the refractor velocity as a lithological 
indicator, if no borehole information exists. At ~rley Hill a 
near surface P wave refractor of 1350 to 1750m/sec was 
encountered. This refractor was firstly asswned to be a layer in 
the drift due to its low seismic velocity. Subsequent drilling 
revealed the refractor to be a badly weathered sandstone horizon. 
Any depth estimate of rockhead based on P wave data alone would 
have been erroneous. S wave surveys at the same location gave a 
refractor velocity between 750 and 1000m/sec, a velocity value 
which indicates a consolidated rock. There is an overlap in the 
range of P wave velocities encountered for water saturated drift 
and weathered rockhead, as P wave velocity values range between 
1400 and 1800m/sec for both types of strata. A P wave velocity 
greater than 2000m/sec is taken to indicate a consolidated rock. 
For S waves there exist distinct ranges of velocities for 
unconsolidated (150 to 400m/sec) and consolidated (650 to 
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l400m/sec) rocks. S waves are a much better lithological 
indicator than P waves for shallow refraction s~udies. n s 
thought that from the comparison of our drift depth estimates with 
known depths from borehole data, the refraction technique can 
estima~e the depth to within abou~ ~Oo/o of the true value. 
The refraction technique was also used to profile the base of 
drift channels (Nbrley Hill, site 7). The S wave technique was 
used in preference to the P wave, due to the much smaller critical 
angle of the S wave compared to the P wave in a drift/bedrock 
situation. This enables the S wave technique to image the base of 
the channel better than the P wave technique. Also from some of 
the results the drift/bedrock boundary was transparent to the P 
wave refraction technique. The boundary was a hidden layer, due 
to the poor velocity contrast found between the water saturated 
drift and the weathered rockhead. 
The problem with S wave surveying using portable equipment Is 
one of penetration. Using our acquisition equipment drift cover 
of greater than 25m was unable to be penetrated even after 
stacking many hrummer blows. If greater penetration is required, a 
more powerful, but less mobileS wave source would need to be 
developed. P waves have essentially unlimited penetration because 
the size of explosive charge can be easily increased. 
The seismic refraction technique has also been used to detect 
areas of previous opencast excavation (Barley Hill, site 2 
Stobswood, site 6). The detection of the old opencast workings is 
a relatively easy task using the P wave refraction technique. 
This is due to the large P wave velocity contrast seen between the 
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backfilU rrmterial and the underlying bedrock. At both the sites 
where old opencast areas occurred, the P wave refraction !ines 
located the edge of the mined area with great precision. Problems 
are encountered when using the S wave technique for such a target. 
This is due to the strong absorption of the shear waves in the 
unconsolidated ~ternal and weak coupling of the 
ground surface. 
source to the 
Seismic Reflection 
The fundrunental problemwith shallow seismic reflection surveys 
on land, is that surface waves (ground roll) and refracted energy 
occur within the same time-distance window where the shallow 
reflections are recorded. Figures 2.12 and 2.13 highlight- this 
problem. This is further compounded when reverberant refractions 
are encountered (figure 3.6). Ground roll causes most problem 
when it is of high velocity and is highly dispersive, which occurs 
when the overburden is thin and a high percentage of the ground 
roll travels at around the shear wave velocity of the bedrock. 
Seismic reflection data quality can be improved by drilling 
deeper shot holes into rockhead, as seen at Hemscott North and 
K e e k 1 e ( s i t e s 3 and 5 ). F o r sma l I s c a I e s u r v e y s en v i s a g e d f o r the 
opencast industry this would cause the method to become 
uneconomic. 
The boulder clay drift cover encountered at all our reflection 
sites (except Keekle, site 5) exhibits very poor transmission 
characteristics for seismic waves. It is a high absorption 
medimn, absorbing the high frequencies rrwch sought after in 
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shalllow reflection explowation. At the sites where boulder clay 
was foul!lld, !ittle or no seismic energy ~bove 100Hz w~s reco~ded. 
This causes the final section to lack resolution and character 
which is required for detailed interpretation. At Keekle (site 5) 
where the drift cover was thin and the shots were exploded in 
rockhead, seismic energy up to 170Hz was reco~ded, the fil!llal 
section lending itself to rrwre detailed interpretation. 
From the results of our reflection work no reflections from 
depths shallower than 100mwere able to be recorded, except at 
Keekle where reflections from around 70m were seen. The average 
seismic wavelength that was recorded was around 35m, except for 
Keekle where the wavelength was less than 20m. The resolving 
power of the method in theory is approxirrmtely half the seismic 
wavelength. 
At Hemscott North (site 3) the target of our investigation was 
a large fault found in the Northumberland coalfield (Grange Mbor 
Fault). The thick drift encountered at this site caused presented 
problems to the P wave reflection technique. The drift cover 
caused absorption of seismic energy particularly at high 
frequencies. On one of the seismic lines (line 1), reflectors 
were seen from around 180 to 240m depth. The fault zone was 
clearly seen at these depths, although this is below the depth 
range of interest of the Opencast Executive. 
The results of the single reflection line shot at Barley Hill 
were poor. This was due to the fact that the ground roll recorded 
was of a high velocity and amplitude. The recording systemwas 
unable to detect any small rumplitude, high frequency reflections 
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from within the high rumplitude ground roll cone, due to the 
recording systems limited dynrunic range. The Rine was recorded on 
the lowest coal serums found in the Upper Coal Measures in the 
North East, the reflection data being shot over a grit and shale 
sequence where high acoustic impedances might not be expected. 
The P wave reflection line shot at Keekle in Cwnbria (site 5) 
. __ prQdJICe_d __ ~he f!est __ q_ual_i_!_y se~tiol!__x:.e_~orded __ duri_!lg this._____E_roj!_ct. 
This was due to the fact that the drift cover at this site was 
thin and the shots were exploded in an unweathered bedrock with 
good transmission characteristics. Shallow reflections were seen 
from around 70 to 380m depth. Unfortunately the very shallow 
reflections from the Coal Measures were very intermittent, due to 
the highly faulted nature of the geology. High amplitude deeper 
reflections from around 280m were also recorded, these were 
thought to originate from limestones at the base of the Namurian. 
The Coal Measures at Keekle consist of a series of alternating 
thin beds which are highly faulted. The beds ~y be too thin and 
the geology too complex to cause significant energy to be 
reflected at the seismic wavelength. 
At High Thorn (site 4), the purpose of our surveys was to use 
the P wave reflection technique to try to detect the position o·f 
the boundaries of old deep mine workings. The results of the 
surveys were inconclusive, although some features seen on the 
final sections could be related to boundaries between worked and 
unworked strata, there was no consistency. The reason for this, 
is that the mine workings are too shallow at SOm, with the 
shallowest reflections seen at the site coming from 150m depth. 
Therefore the workings could not be detected directly, but only 
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indirectlly by observing the effect of old workings has on 
reflections from deeper hornzons. 
At the onset of this project it was hoped to use shear wave 
refllection as an exploraaion tool. ~ny field tests were carried 
out at a variety of exploration sites, 
reflections were ever observed. The field records only showed a 
highly dispersive cone of Love waves occurring after the shear 
wave refraction arrivals. If any reflections exist within the 
cone of Love waves then they would have to be extracted from the 
data by a sophisticated processing technique. In theory. shear 
wave reflection could be used to profile the overburden/bedrock 
boundary as this would present a large acoustic impedance to shear 
waves. 
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AJ?PJENQIX A 
3 JLAXER SHAI.LON REFRACfiON MJQEL 
Se i smil c lEartlhl l'Aode li 
ground suJrface 
I[) 
zo-----
vo 
-- ~ --=--Td 1 = = ~ = - ~ - ~ 
Vl Zl 
Td2 
V2b 
V2a 
Td - Time. Depth values(msec) V - Velocity(mJsec) Z - Depth(meters) 
Values of Td1 
These values are usually obtained from short offset refraction spreads, 
used to monitor the very near surface velocity structure. These surveys 
can yield time depth values, but usually half intercept times are used 
to obtain Td1 values at the shot points. Intermediate values over the 
whole line at each peg are obtained by interpolation. 
In shallow refraction surveys, the VO layer is regarded as being the 
very near surface "soil" layer and must be taken into account due to 
low seismic velocity. 
Values of Td2 
These values are obtained from analysis of complete data sets of forward 
and reversed first break picks from the top of the V2 refractor. Time 
depth values are calculated using either the plus-minus method 
(Hagedoorn, 1959) or the generalized reciprocal method (Palmer, 1980). 
This refractor will be the target refractor, a sudden depth change found 
in this refractor may be used as a fault indicator. 
Values of VO 
This value is found by plotting a traveltime graph of the direct wave 
from short offset spreads, the velocity value being the reciprocal of 
the gradient to the best fit line through the data points. 
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Value of V1 
This vm!ue is detennimed by usimg the plus-minMs me~hod on data fFom 
short offset refraction spreads, where data reversal e~nsts. ~en no 
reversal exists,then simple dipping layer analysis is carried out to 
detennine the average refactor velocity. 
Values for V2 
This is the veloci~y vaRue of ~he 
in velocity along this refractor 
Velocity analysis is carried out 
reversed "first break" picks from 
DEPTII al'WERSION OF TIME DEPTHS 
Stage t 
target refractOF, a llaterall cha~ge 
rrmy be used as a fault indicator. 
by using the pius-minus method on 
refracted arrivals from this horizon. 
Values of ZO are calculated by multiplying the values of Tdl by the 
conversion velocity Vconl: 
Vconl VO . Vl zo Tdl x Vconl 
Stage 2 
The time depth value of the VO layer is recalculated with respect to 
the V2 layer i.e. the time depth that the ray refracting from the V2 
layer takes to go through the VO layer. This is different to the 
calculated value of Tdl due to the different raypaths involved. 
Vcon2 VO . V2 Tdl(apparent) zo 
Vcon2 
Stage 3 
Subtract the value of Tdt(apparent) from the calculated value of Td2. 
This gives Td(t), the time depth thickness of Vl. 
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Stage .13 
Usnng ~he value of Td(t) and the conversion velocity, the thickness of 
the Zl layer can be calculated. 
Vcon3 V2 . Vl Zl Vcon3 x Td(t) 
Stage 5 
To determine the depth to the V2 layer, the values of ZO (stage 1) and _____ _ 
--------ztr-sTage-5) are added. together. 
Rapid method 
Assmne the recalculation of the time depths in stage 2 is insignificant. 
This may be due to a thin VO layer, or the fact that the VO layer has a 
much lower velocity than either V1 or V2, so there is no significant 
difference in raypaths through the VO layer for refractions from V1 and 
V2 layers. 
In this case complete stage 1, then just subtract Tdl from Td2 and go to 
stage 4. 
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APPENDIX B 
REFRACI' 100 PROGRAMS 
A set of four fortr3n progrrums perfonn the Generalized 
Reciprocal Method (Palmer,1980) on a set of refraction data. 
The progrrun uses a data file containing the peg nmnber, 
~ro-rwa-rd t-ime and r-e-verse- time- for re-rr a-c-t-i-on -pi-c-ks- from -t-he 
srune refractor. The data file also contains the Peg spacing 
and the Reciprocal Time for the refraction line. 
After running each program the data file is updated with new 
infonmation. The programs output graphs in the form of EASYPLOT 
data files, so that individual plots rrlliY be stored and later 
plotted using a variety of scales. 
The progrruns are entitled : RECIPV RECIPP RECIPD RECIPL 
RECIPV - This progrrun calculates the velocity function for a 
given range of XY spacings. The program outputs a graph 
file of the results, along with a file of a reduced 
velocity plot. 
RECJPL - This program carries out linear regression on a set of 
data points and outputs values of the best fit velocity 
gradient and intercept. 
RECIPP - This program calculates the Time Depth values for a 
given range of XY spacings. 
RECIPD - This progrrun depth converts the time depth values. 
and outputs a graph of the results. 
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~ruoople of Data file for RECXPY 
STANLEY M)SS 
62 
3.0 
0.0 
3LO 
32.0 
I 
I I 
58.0 
200.0 
0.0 
0.0 
2000.0 
0.0 ' 
30.0 ~07.5 
30.5 105.5 
I I 
69.1[) 
I I 
711.5 
60.0 
f00.-1()- 6 10 
- Project name 
- No. of forward & reverse readings (msec) 
- Peg Spacing (meters) 
- Time shifts to forward & reverse values 
- !Peg no. ,Forward time, Reverse time (msec) 
- Reciprocal Time (msec) 
- No. of iterations of XY 
- Graph parameters Xffiin ~x Nxdiv 
'\lni-n ----vrna X- Ny d i v 
- Reduction velocity 
Example of data file for RECIPP 
The data file same as above except for the addition of the following 
values on the end of the file, and erasure of the reduction velocity. 
2000.0 
20.0 
3000.0 
30.0 
2000.0 - Refractor Velocity Between the Peg Nos. 
- Peg Numbers (Pa & Pc) 
Example of data file for RECIPD 
STANLEY M>SS 
3.0 
50 
1.0 
2.0 
3.0 
I 
50.0 
1000.0 
25.0 
2000.0 
20.0 
10.0 
10.2 
10.3 
I 
20.0 
1200.0 
2500.0 
40.0 
3000.0 -
Name 
Peg spacing 
No. of readings 
Peg no. & Time depth 
values 
Vdl & Vd2 values 
Peg a 
Vr1, Vr2 & Vr3 values 
Peg b & c 
Values of Vd,Vr & Peg apply to the model described below. 
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Refractor Yelocit~ ~del 
Pa Pb Pc 
................... 
9 9 9 9 9 ' 9 ' 9 9 ' ' ' ' ' ' 
I : : : : : : : : : : : : : : : : : 
; ; ; ; ; Vd 1 ; ; ; ; ; ; I ::::: Vd2 ::::::: 
I ::::::::::::::::: ................. ,,,,,,,,,,,,,,,, 
1/111111 
Vri 
1//11111 
Vr2 
>:t>l:>l:>l:>l::l):$:8>:t>l:>l:l):$ 
Running the progrruns 
\\\\\\\\\ 
Vr3 
\\\\\\\\\ 
P = Peg 
Vd 
Vr 
Drift 
Velocity 
JRefnnctor 
Velocity 
RUN RECIPV S=Datal 6=PLOT1 7=0ut 8=Plot2 
Data - Input Data File 
Plott - Easyplot file of Graph of Velocity Function values 
Plot2 - Easyplot file of Graph of Reduced Velocity Function Values 
Outl - Nwnerical file of Velocity Function Values 
RUN RECIPL 5=0ut 6=Results 
Outl - Input Data File from RECIPV (edited to contain relevant 
data points). 
Results -Output File containing Results of Least Squares Analysis 
RUN RECIPP 5=Data2 6=Plot2 7=0ut2 
Data2 - Input Data File (amended version of Datal) 
Plot2 - Easyplot File of Graph of Time Depth values 
Out2 - Nwnerical Data File of Time Depth values 
RUN RECIPD 5=0ut2 6=Plot3 7=0ut3 
Out2 - Input data file from RECIPP (amended) 
Plot3 - Easyplot file of Graph of depth values 
Out3 - Nwnerical Data file of depth values 
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c 
c 
c 
c 
c 
-- -c 
c 
c 
Program - RECIPV 
RECIPROCAL METHOD VELOCITY FUNCTION 
BY P. J. BRABHAM 1984 
DIMENSION PEG(100),F(100),R(100),TV(10,100),PEGN(10,100), 
o NAME ( 2 0) , TV D ( 1 0 , 1 0 0) . FM ( 1 0 0) , R M ( 1 0 0) , TIH D ( 1 0 , 1 0 0) . DUMP ( 1 0) 
READ(5,5) NAME 
5 FORMAT(20A1) 
N -u- Y~n:-NUMB-r-R- -o-F-F-ORWA-Ro-j-fH-V-F.--R-9-E -V-A-1:-U-E-S--------------
READ(5,10)N 
10 FORMAT(l4) 
C PEGSPA = GEOPHONE PEG SPACING ( METERS) 
c 
c 
READ(5,15) PEGSPA 
15 FORMAT(F4.1) 
C READ IN ANY TIME SHIFTS TO THE FORWARD AND REVERSE TIMES 
C ( E.G. ZERO CROSSINGS TO 1ST BREAKS MINUS CORRECTION) 
c 
c 
READ(5,18)CORF,CORR 
18 FORMAT(2F8.2) 
CORF=CORF/1000.0 
CORR=CORR/1000.0 
C READ IN THE VALUES OF THE PEG NO. FORWARD AND REVERSE TIMES 
c 
c 
D0501=1,N 
READ(5.20)PEG{I),FM(l) ,RM(l) 
F (I)= ( FM ( 1 ) /1 000. 0) +COR F 
R(I)={RM(I)/1000.0)+CORR 
IF(FM(l).E0.0.0)F(I)=0.0 
1F(RM(l).EQ.0.0)R(l)=0.0 
20 FORMAT(F5.1 ,2F8.2) 
50 CONTINUE 
C READ IN THE VALUE OF THE RECIPROCAL TIME (RECIP) 
c 
c 
READ(5,60)REC1P 
60 FORMAT(F8.2) 
RECIP=RECIP/1000.0 
C READ IN THE NUMBER OF XY INCREMENTS REQUIRED 
c 
c 
READ(5,70)KO 
70 FORMAT(I2) 
C READ IN THE GRAPH PARAMETERS 
c 
READ(5,80)XMIN,XMAX,NXDIV 
READ(5,80)YMIN,YMAX,NYDIV 
80 FORMAT(2F8.2,18) 
c 
READ(S,82)REDV 
82 F"ORMAT(F"Bo1) 
C THIS IS THE END OF THE DATA INPUT 
C NOW 
C CALCULATE THE VELOCITY FUNCTION 
c 
c 
DO 120 L= 1 , KO 
LTcL-1 
DO 100 J=>1 ,N 
JoJ-LT 
IF (I oLTo1)GOTO 100 
TV{L,J)c(F(J)-R(I)+RECIP)/200 
PEGN(L,J)c(PEG(I)+PEG(J))/200 
IF {F(J) oEOo0o0)TV(L,J)=000 
I F ( R (-1-) : E Q- o-0 0 0 )-T-V ( L • J ) =0 -,---0- - - - - -
100 CONTINUE 
120 CONTINUE 
C THIS IS THE END OF THE CALCULATION 
C NOW 
C WRITE OUT THE EASYPLOT FILE & REDUCED VELOCITY FILE 
c 
WRITE(6,200)NAME 
WRITE(8,201}NAME,REDV 
200 FORMAT(13H &OPTS HEAD=' ,20A1,28HRECIPROCAL METHOD VELOCITY',) 
2 0 1 F 0 R MAT ( 1 3 H & 0 P T S H E AD= ' . 2 0 A 1 . 1 7 H R ED U C ED V EL O"C I T Y , F 8 o 1 , 6 H M / S ' . ) 
WRITE{6,205) 
WRITE(8.205) 
205 FORMAT(20H XLAB='PEG NUMBER',) 
WRITE(6,210) 
WRITE(8,210) 
210 FORMAT(22H YLAB='MILLISECONDS' ,) 
WRITE(6,220)XMIN.XMAX,NXD!V 
WRITE(8,220)XMIN,XMAX,NXDIV 
220 FORMAT(7H XMIN=,F8o2,6H,XMAX=,F802,7H,NXDIV=,I4,1H,) 
WRITE(6,230)YMIN,YMAX,NYDIV 
WRITE(8,230)YMIN,YMAX,NYDIV 
230 FORMAT(7H YMIN=,F8.2,6H,YMAX=,F802,7H,NYDIV=, 14,1H,) 
WRITE(6,240) 
WRITE(8,240) 
240 FORMAT(27H PSIZE=005,XLEN=16,YLEN=8, ,15HNY=1 ,GRID='NO' ,) 
WRITE(6,2:d~) 
WRITE(8,250) 
250 FORMAT(43H LETSIZ=0.2,PLOT='SCAT',NSYMB=3,DEV='VDU',) 
WRITE(6,255) 
WRITE(8,255) 
255 FORMAT(34H XAXFMT='JF4.0o' ,YAXFMT='JF4.0•' ,) 
WRITE(6,260) 
WRITE(8,260) 
260 FORMAT(5H &END) 
DO 300 L=1, KO 
DUMP(L)=0o0 
300 CONTINUE 
DO 310 L=1 ,KO 
LT=L-1 
DO 320 J=1.N 
JcJ-LT 
IF(IoLT.1)GOTO 320 
IF {TV(L,J).EQ.0.0)GOTO 320 
c 
C APPLY A DC SHIFT TO THE XY INCREMENTS TO MAKE GRAPH READABLE 
c 
c 
TVD(L,J)c(TV(L,J)+{LTo0.017))o1000 
IF(DUMP(L).EQ.0.0)DUMP(L)=PEGN(L,J) 
TRED(L,J)=TV(L,J)-(((PEGN(L,J)-DUMP(L))cPEGSPA)/REDV) 
TRED(L,J)c(TRED(L,J)+(LTe0.006))~1000 
C OUTPUT IN MILLISECONDS 
c 
WRITE(6,350)PEGN(L,J),TVD(L,J) 
WRITE(8,350)PEGN(L,J),TRED(L,J) 
350 FORMAT(' ',F8.2,',',F8.2,',') 
320 CONTINUE 
310 CONTINUE 
~------ --c~-- ------------- ---
C OUTPUT A NUMERICAL DATA FILE FOR REFERENCE PURPOSES 
c 
c 
WRITE(7,400) 
400 FORMAT(27H VELOCITY FUNCTION RESULTS,//) 
WRITE(7,410) 
410 FORMAT(40H OUTPUT COMPATIBLE WITH LESTSQ ANALYSIS,//) 
WRITE(7,420)NAME 
420 FORMAT(20A1) 
WRITE(7,430) 
430 FORMAT(9H N ( I5 )) 
WRITE(7,440)PEGSPA 
440 FORMAT(F4. 1) 
C PRINT OUT THE PEG NO & VELOCITY FUNCTION VALUES 
c 
DO 450 L=1, KO 
LT=L-1 
DO 460 J=1 ,N 
I=J-LT 
IF( I .LT. 1)GOTO 460 
IF(TV(L,J).EQ.0.0)GOTO 460 
TV(L,J)=TV(L,J)•1000 
WRITE(7,444)PEGN(L,J),TV(L,J) 
444 FORMAT(F5.1,F8.2) 
460 CONTINUE 
450 CONTINUE 
STOP 
END 
Program - RECIPL 
C LEAST SQUARES ANALYSIS OF REFRACTION DATA 
C AMENDED FOR USE WITH RECIPROCAL METHOD 
c 
c 
c 
BY P. J. BRABHAM 1983 
0 I MENS I ON P EGN ( 1 0 0) , TT I ME ( 1 0 0) , P DIS T ( 1 0 0) , NAME ( 2 0) , TIME L ( 2 0) 
READ(5,5) NAME 
5 FORMAT(20A1) 
C N = THE NUMBER OF DISTANCE (METERS) ~ TIMES (MILLISECS) 
C PS c PEG SPACING (METERS) 
c 
c 
REA0(5,10) N 
10 FORMAT(l5) 
READ(5,15) PEGSPA 
15 FORMAT (F5.1) 
C READ IN THE PEG NO. AND TRAVEL TIME 
c 
c 
DO 30 J "' 1 ,N 
READ(5,20) PEGN(J),TTIME(J) 
TTIME(J)=TTIME(J)I1000.0 
20 FORMAT (F5.1,F8.2) 
30 CONTINUE 
C ~C 0-N-Vrl{r F'~G-N U M8 ER- ro- o-1-s-r--A-Nc-E--(-M-E T E-R-S ) 
c 
c 
DO 60 J = 1,N 
PDIST(J) =(PEGN(J) • PEGSPA) - PEGSPA 
60 CONTINUE 
C END OF DATA INPUT 
C NOW 
C INITIALISE VARIABLES TO ZERO 
c 
c 
c 
c 
c 
SUMX 
"' 
0.0 
SUMXSQ = 0.0 
SUMY = 0.0 
SUMYSO = 0.0 
SUMXY = 0.0 
SUMMATION 
D0100l=1,N 
SUMX = SUMX + PDlST(l) 
SUMXSQ = SUMXSQ + (PDIST(l) • PDIST(I)) 
SUMY = SUMY + TTIME(I) 
SUMYSQ = SUMYSQ + (TTIME(I) • TTIME(l)) 
SUMXY = SUMXY + (PDIST(l) • TTIME(l)) 
100 CONTINUE 
C SUMMATIONS ARE COMPLETE 
C NOW CARRY OUT 
C LEAST SQUARES ANALYSIS FOR GRADIENT AND INTERCEPT 
c 
c 
DENOM = (N • SUMXSO) - (SUMX • SUMX) 
AT = (N • SUMXY) - (SUMX • SUMY) 
BT = ((SUMXSO • SUMY) - (SUMX • SUMXY)) 
GRAD = AT I DENOM 
VEL= 1.0 I GRAD 
YINT = BT I DENOM 
C CALCULATE LEAST SQUARES VALUES 
c 
c 
T1 = ((GRAD • PDIST(1)) + YINT)•1000 
TN= ((GRAD • PDIST(N)) + YINT)•1000 
YINT = YINT • 1000 
C VELOCITY AND INTERCEPT VALUES ARE CALCULATED 
C NOW CALCULATE ERRORS 
c 
c 
AE = ((W o SUM~Y) - (SUM~ o SUMV))oo2 
BE (N o SUM~SQ) - (SUM~ o SUM~) 
DE "' M o SUMYSQ 
CE c SUMY o SUMV 
fSIGY c DE - CE ~ (AE/BE) 
SIGY D SQRT(fSIGY I (N 0 N)) 
C STANDARD E~ROR Or GRADIENT 
c 
c 
S[B c {(N- 2) o ((N o SUM~SQ) - (SUM~ o SUM~)})oo9.5 
SER c {N o SIGV) / S[B 
SERVEL = (SER / GRAD )oVEL 
C THIS IS THE STANDARD ERROR OF THE VELOCITY 
C.--~ 
c 
ESEB c ((SEB o SEB) o N)oo0.5 
ESER c ((N o SJGY o SUMXSQ)oo0.5) / ESEB 
ESER c ESER o 1000 
C ESER - THIS IS THE STANDARD ERROR OF THE INTERCEPT 
C NOW WRITE ~UT THE RESULTS 
c 
c 
c 
c 
c 
c 
c 
c 
WRITE(6,180) 
180 FORMAT(///'++++++++++++++++++++++++++++++++++++++++++'/////) 
WRITE(6,190) NAME 
190 FORMAT(' SITE: ',20A1/' ooooooo'//) 
WRITE(6,195) 
195 FORMAT('INPUT UNITS DISTANCE : METERS TIME MILLISECONDS'} 
WRITE(6,200) PEG SPA 
200 FORMAT(/'PEG SPACING ' , F 5. 1 , ' METERS'//) 
2 1 0 FORMAT('PEG NUMBER 
WRITE (6.210) 
DO 230 I== 1,N 
TMIL=TTIME(I)•1000 
DISTANCE 
WRITE(6,220) PEGN(I},PDIST(I),TMIL 
220 FORMAT(F5.1,F15.1,F18.2) 
230 CONTINUE 
WRITE(6,250) 
TIME .. I) 
250 FORMAT(///. 'LEAST SQUARES REGRESSION LINE'/'-------------'//) 
WRITE(6,260) GRAD.SER 
260 FORMAT('GRADIENT ',F10.6,' +/- ',F10.6//) 
WRITE(6,280) VEL,SERVEL 
280 FORMAT('VELOCITY ',F"10.2,' +/- ',F10.2,'METERS PER SECOND', 
•//) 
WRITE(6,300) YINT,ESER 
300 FORMAT('INTERCEPT c ',F10.2,' +/- ',F10.2,'MILLISECONDS'///) 
WRITE(6,320) 
320 FORMAT{'VALUES OF REGRESSION 
WRITE(6,340) PEGN(1),T1 
WRITE(6,350) PEGN(N),TN 
340 FORMAT('PEG ',F5.1,' TIME 
350 FORMAT('PEG: ',F5.1,' TIME 
FIT'/'-------------------------'1) 
' , F B. 2) 
',F8.2/////////) 
c 
STOP 
END 
Progrolil - RECIPP 
C RECIPROCAL METHOD TIME DEPTH FUNCTION 
C BY P. J. BRABHAM 1964 
c 
c 
DIMENSION PEG(100),F(100),R(100),TP(10,100),PEGN(20,100), 
•NAME(20),TPD(10,100),fM(100),RM(100) 
READ(5,5) NAME 
---s-FORMATT20A1}-. 
C N = THE NUMBER OF FORWARD / REVERSE VALUES 
c 
c 
READ(5,10)N 
10 FORMAT(l4) 
C PEGSPA = GEOPHONE PEG SPACING ( METERS) 
c 
c 
READ(5,15)PEGSPA 
15 FORMAT(F4.1) 
C READ IN ANY TIME SHIFTS TO THE FORWARD AND REVERSE TIMES 
C ( E.G. ZERO CROSSINGS TO 1ST BREAKS MINUS CORRECTION) 
c 
c 
READ(5,18)CORF,CORR 
18 FORMAT(2FB.2) 
CORF=CORF/1000.0 
CORR=CORR/1000.0 
C READ IN THE VALUES OF THE PEG NO. FORWARD AND REVERSE TIMES 
c 
c 
DO 50 1=1,N 
READ(5,20)PEG(I),FM(I),RM(I) 
F(I)=(FM(I)/1000.0)+CORF 
R(I)=(RM(I)/1000.0)+CORR 
IF(FM(I).EQ.0.0)F(I)=0.0 
IF(RM(!) .EQ.0.0)R(I)=0.0 
20 FORMAT(F5.1,2F8.2) 
50 CONTINUE 
C READ IN THE VALUE OF THE RECIPROCAL TIME (RECIP) 
c 
c 
READ(5,60)RECIP 
60 FORMAT(F8.2) 
RECIP=RECIP/1000.0 
C READ IN THE NUMBER OF XY INCREMENTS REQUIRED 
c 
c 
READ(5,70)KO 
70 FORMAT(I2) 
C READ IN THE GRAPH PARAMETERS 
c 
READ(5,80)XMIN,XMAX,NXDIV 
READ(5,80)YMIN,YMAX,NYDIV 
80 FORMAT(2F8.2,18) 
90 FORMAT(r5.0) 
C READ IN THE REFRACTOR VELOCITIES VR1,VR2,VRJ 
READ(5,94)VR1,VR2,VR3 
94 FORMAT(.3F8.1) 
READ(5,96)STA1,STA2 
96 FORMAT(2F8.1) 
c 
C THIS IS THE END OF THE DATA INPUT 
C NOW 
C CALCULATE THE TIME DEPTH FUNCTION 
c 
c 
c 
c 
c 
c 
c 
c 
c 
D0120Lc1,KO 
LT:cL-1 
- --00-+00 -J-c-1- ,-N---
100 
120 
1 60 
162 
164 
200 
205 
2 1 0 
220 
230 
240 
250 
255 
260 
I==J-LT 
IF (I .LT.1)GOTO 100 
XY=(PEG(J)-PEG(I))•PEGSPA 
PEGN(L,J)=(PEG(J)+PEG(I))/2.0 
IF(PEGN(L,J) .LE.STA1)VR=VR1 
IF(PEGN(L,J).GT.STA1.AND.PEGN(L.J).LE.STA2)VR=VR2 
IF(PEGN(L,J).GT.STA2)VR=VR3 
TP(L,J)=((F(J)+R(l))-(RECIP+(XY/VR)))/2.0 
IF(F(J).EQ.0.0)TP(L,J)=0.0 
IF(R(I).EQ.0.0)TP(L,J)=0.0 
CONTINUE 
CONTINUE 
THIS IS THE END OF THE CALCULATION 
NOW 
WRITE TO DATA FILE FOR DEPTH CONVERSION 
WRITE(7,160)NAME 
FORMAT(20A1) 
WRITE(7,162)PEGSPA 
FORMAT(F8.2) 
WRITE(7,164) 
FORMAT(25H •• N NO.OF READINGS (13)) 
WRITE OUT THE EASYPLOT FILE 
WRITE(6,200)NAME 
FORMAT(13H &OPTS HEAD==',20A1,30HRECIPROCAL METHOD TIME DEPTH',) 
WRITE(6,205) 
FORMAT(20H XLAB='PEG NUMBER',) 
WRITE(6,210) 
FORMAT(22H YLAB='MILLISECONDS' ,) 
WRITE(6,220)XMIN,XMAX,NXDIV 
FORMAT(7H XMIN=,F8.2,6H,XMAX=,f8.2,7H,NXDIV==,I4,1H,) 
WRITE(6,230)YMIN,YMAX,NYDIV 
FORMAT(7H YMIN=,F8.2,6H,YMAX=,F8.2,7H,NYDIV=,I4,1H,) 
WRITE(6,240) 
FORMAT(27H PSIZE=0.5,XLEN=16,YLEN=B, ,15HNY=1,GRID='NO' ,) 
WRITE(6,250) 
FORMAT ( 43H LETS I Z=0. 2 , PLOT=' SCAT' , NSYMB= 3, D EV= 'VDU' , ) 
WRITE(6,255) 
FORMAT (34H XAXFMT=' J F4. 0•', YAXFI.tT=' J F4. 0•',) 
WRITE(6,260) 
FORMAT(SH StEND) 
c 
c 
DO 3Hl L=1, KO 
LToL-1 
D0320J=1,N 
IoJ-LT 
IF( I .LT.1)GOTO 320 
IF (TP(L,J).EQ.0.0}GOTO 320 
C APPLY A DC SHIFT TO THE XY INCREMENTS TO MA~E GRAPH READABLE 
C OUTPUT IN MILLISECONDS 
c 
348 
350 
320 
TPD(l,J)c(TP(L,J)v(LTo0.008))o1000 
~RITE(6,350)PEGN(L,J),TPD(L,J) 
TO=TP(L,J)o1000 
~RITE(7,348)PECN(l,J),TO 
F' 0 R MAT ( 2 F' 8 . 2 r--- ---
FORMAT(' ',FB. 2,',' ,FB. 2.', '} 
CONTINUE 
310 CONTINUE 
STOP 
END 
Program - RECIPD 
--------
C RECIPROCAL METHOD TIME DEPTH FUNCTION --> DEPTH CONVERSION 
c 
c 
c 
BY P. J. BRABHAM 1984 
DIMENSION NAME(20) ,PEG(200}, TD(200) ,PA(6) ,PB(6) ,V0(6), 
<>OA(6} ,QB(6) ,VT(6) ,VDRIFT(200) ,VREF(200) ,VAV(200) ,DEPTH(200) 
READ(5,5) NAME 
5 FORMAT(20A1) 
READ(5,10)PEGSPA 
10 FORMAT(F8.2) 
C N IS THE NUMBER OF' DEPTH VALUES 
c 
c 
READ(5,20)N 
20 FORMAT(I3) 
C READ IN THE VALUES OF THE PEG NO. & TIME DEPTH VALUE 
c 
c 
DO 50 1=1.N 
READ(5,30)PEG(I),TD(I} 
TD(I)=TD(I)/1000 
30 FORMAT(2F8.2) 
50 CONTINUE 
C READ IN THE LAYER 1 VELOCITIES 
c 
c 
READ(5,94)VD1,VD2 
94 FORMAT(2F8.1} 
READ(5,96}P1 
96 FORMAT(F5.1) 
C READ IN THE LAYER 2 VELOCITIES 
c 
READ(5,110)VR1,VR2,VR3 
110 FORMAT(3F8.1) 
c 
READ(5, 115)P2,P3 
115 FORMAT(2F5.1) 
C THIS IS THE END OF THE DATA INPUT 
C NOW 
C CALCULATE THE DEPTH VALUE 
c 
c 
DO 180 lo1,N 
IF(PEG(I).LE.P1)VDRIFY(I}oV01 
IF (PEG( I). GT. P1 )VORl Fi (I )aV02 
KF(PEG(I).LE.P2)VREF(l)aVR1 
IF(PEG(I).GT.P2.ANO.PEG(l).LE.P3)VREF(I)oVR2 
IF(PEG(I).GT.P3)VREF(l)cVR3 
C CALCULATE V AVERAGE 
c-- --------------~---~~ ~-----
c 
AcVORIFT(I)oVREF(I) 
B=SQRT((VREF(I)oo2)-(VDRIFT(l)oo2)) 
VAV(l)=A/B 
C CALCULATE THE DEPTH 
c 
c 
DEPTH(I)=VAV(I)oTD(I) 
180 CONTINUE 
C THIS IS THE END OF THE CALCULATION 
C NOW 
C WRITE OUT THE EASYPLOT FILE 
c 
WRITE(6,200)NAME 
200 FORMAT(13H &OPTS HEAD=',20A1,26HRECIPROCAL METHOD DEPTH',) 
WRITE(6,205) 
205 FORMAT(20H XLAB='PEG NUMBER',) 
WRITE(6,210) 
210 FORMAT(22H YLAB='MILLISECONDS',) 
WRITE(6,220) 
220 FORMAT(33H XMIN=oooo,XMAX=oooo,NXDIV=••••.) 
WRITE(6,230) 
230 FORMAT(33H YMIN=e$oo,YMAX=oooo,NYOIV=eooe,) 
WRITE(6,240) 
240 FORMAT(27H PSIZE=0.5,XLEN=16,YLEN=8, ,15HNY=1,GRID='NO' ,) 
WRITE(6,250) 
250 FORMAT(•3H LETSIZ=0.2,PLOT='SCAT' ,NSY~B=3,DEV='VDU' ,) 
WRITE(6,255) 
255 FORMAT(34H XAXFMT='JF4.0•',YAXFMT='JF4.0e',) 
WRITE(6,260) 
260 FORMAT(5H &END) 
DO 500 1=1 ,N 
WRITE(6,400)PEG(I),OEPTH(I) 
400 FORMAT(F8.2,2H.-,F5.2,1H,) 
500 CONTINUE 
STOP 
END 
APPfN)IX C 
REFLECII{Jil PROORAMS 
Tane Handling Progrmns for SEGP Land Data. 
A suite of progr~ has been developed on ~C 
for the conversion of a SEG-D field tape from the Nimbus 
Tape support, to a SEG-Y CMP sorted tape which can be 
transferred to the Durhmn University Processing System for 
further processing to be carried out. 
The program suite has the added ability of applying individual 
mutes and static shifts to each trace. 
The progrmns are WTitten in FORTRAN 77, so they need to be 
compiled via a suitable compiler. FORTRAN 77 was used because 
the sort programmakes use of the direct access feature 
available, this speeds up the sorting process over conventional 
FORTRAN. 
The tape handling suite comprises of four FORTRAN 77 progr~: 
TAPEDlMP A progrmnwhich removes the numer~cal data from a SEG-D 
tape, decodes the 2 byte quaXternary exponent numerical 
fonnat of SEG-D. The program then outputs all the 
seismogrmns as a one dimensional array onto a temporary 
disk file. 
SORTPROG- An interactive programwhich outputs a n~rical data 
file which indexes the original file and record number of 
the field records into a conuwn shot or common mid point 
sorted order. 
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T~e progwmnwor~s for a variety of ac~uisition 
gemnetries used thro~ghout the fieh~wor~. The s~ot -
receiver offset is calculated by the progrrun. For each 
gather the records are sorted into ascending offset 
vallue. Numerical values for the individual wrote and 
static shift values can ansa be applied via t~e progrrum. 
EDKTSORT- This is an interactive progrrunwhich allows the editing 
----o-f t-he-SORT d-a-t-a-file. -1-n-f-e-nnat--i-on-G-a-n- b-e added to t-h-e--
SORT data file to apply an offset dependent mute 
function or static shifts. The program also allows for 
the editing out of the data set of unwanted traces, based 
on individual file and record nmnber, or files with a 
cammon offset or with a co~n original file nmnber. 
SEGDSEG~ -A progrrunwhich uses the nwnerical dwnp of digital 
Seis~grrun srunple values output by TAPEDUMP, plus the 
SORT data file from SORTPROG. 
The program outputs a SEG-Y tape sorted into either CSGs 
or aMPs, depending upon the SORT file. 
A SEG-Y header block is WTitten onto the start of the tape 
(copied directly from file SEGYHED). 
The digital seismogram values are ~Titten sequentially 
onto the tape, applying mutes and static shifts as 
directed by the SORT data file. 
If the data file contains zeros then a zero file is 
WTitten onto tape. 
lnfonnation such as offset, gather nwnber and nwnber in 
the gather are WTitten into the record header block. 
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Running the Pro~ 
U . T APErn.MP 
*T* 
-!DATA 
--2-. - SORTPROG 
RUN TAPEDLMP 7=~T"' 6=-DATA 9="'SINK"' 
A SEG-D field tape ITIDUnted on a 1600 bpi tape drive 
and rewound to start of tape. 
A temporary file where all the digital data on the tape 
is dumped (this requires a large temporary file space). 
Input/Output unit VDU tenninal. 
RUN SORTPROG 6=*SINK* 7=SORTDATA 
SORTDATA - The SORT data file. 
Questions need to be answered in the running of this 
progrrun. You should be anned with the answers, this is the data 
required 
a. Srunpling frequency of seg-d data 
b. Survey peg spacing (meters) 
c. Number of corrnmn shot files taken. 
d. Peg no. of shot & Peg no. of 1st geophone for each file. 
e. Offset dependent mute function values. 
3. SEGDSEGYMS 
RUN SEGDSEGYMS 2=SEGYHED S=SORIDATA 6=*SINK* 7=-DATA 8=*0Uf* 
SEGYHED - A SEG-Y tape header block which is copied and WTitten 
to the start of the SEG-Y tape. 
*OUT* -A virgin tape mounted onto a tape drive (1600 bpi). 
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Exrumwle of a SQRT data file (SORTQATA) 
TWo aMPs or CSGs, each with 6 fold data 
2 - Digital sarnp les per sec 
21 1 0 0 0 0 0 - Individual trace infonnation 
21 2 0 0 0 0 0 (see be low) 
21 3 0 0 35 0 0 
21 4 3 5 55 120 0 
21 5 2 9 '15 128 0 
21 6 7 1 95 139 0 
22 1 0 0 0 0 0 
22 2 0 0 0 0 0 
-~2-2 - r-o-o -4-0- o--o~- ------ -~- - ~-- ----
22 4 3 6 60 122 0 
22 5 2 10 80 130 0 
22 6 7 2 100 143 0 
0 - end of file marker 
Colwnn 1 CMP/CSG nwnber 
Colwnn 2 Record No. in CMP/CSG 
Colwnn 3 Original Shot Fi 1 e No. 
Colwnn 4 Record No. in Original File 
Colwnn 5 Shot-receiver offset (meters) 
Colwnn 6 =Mute Function Value 
Col\D1U1 7 = Static Shift value 
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Program - TAPEDUMP 
C ooooooeoooooooooooooooeoo~ooooooooooeoeooeooeooeooooooooooo 
C This program reads o SEG-D field tape mounted on o drive 
C (Unit 7). 
C The program then decodes the digital seismogram voluos by 
C masking UHl 2nd, 3rd, & 4tl'l bits on tl'le tope. 
C The data is then written to a temporary disk file {Unit 6) 
C Unit 9 is a VDU terminal 
C This program is written in FORTRAN 77. 
c ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
-- ------c--- -- ---- --
c PROGRAM BY P.BRABHAM (1984) 
c 
c 
INTEGER•2 A, !LEN, SEIS. CRAP. CRAP2 
DIMENSION A(1034), SEIS(1024,12) 
CRAP=24576 
CRAP2=4096 
IREC=1 
IRLEN=2056 
OPEN(UNIT=6,ACCESS='DIRECT' ,RECL=IRLEN.FORM='UNFORMATTED') 
WRITE(9,o)'HOW MANY SHOT FILES ARE ON THIS TAPE? (Integer)' 
WRITE(9,o)'------------------------------------' 
READ(9,o)ITAPE 
C DO LOOP FOR THE NUMBER OF SHOT FILES ON THE SEG-D TAPE 
c 
DO 100 J=1, I TAPE 
c 
C WIND TAPE OVER THE HEADER BLOCK 
c 
!LEN= 5 
CALL CNTRL('FSR 1', ILEN, 7) 
c 
C EXECUTE DO LOOP TO READ IN 12 FILES 
c 
c 
DO 20 L = 1 , 1 2 
!LEN= 2068 
CALL READ(A, !LEN, 0, LNUM, 7) 
DO 10 I = 1. 1024 
M = I + 10 
SEIS( I, L) = A(M) 
C CORRECT DATA INTO AN UNDERSTANDABLE FORM BY MASKING OUT THE SECOND 
C THIRD AND FOURTH BITS ON THE TAPE 
c 
c 
IF (SEIS(I,L) .GT. 1023) SEIS(I,L) = SEIS(I.L)- CRAP 
IF (SEIS(I.L) .LT. 0) SEIS(I.L) = SEIS(I.L) + 1 
IF (SEIS(I,L) .LT.- 1024) SEIS(I,L) = SEIS(I,L) + CRAP2 
1000 FORMAT{F6.1) 
10 CONTINUE 
WRITE(UNIT=6,REC=IREC) (SEIS(JK,L),JK=1,1024) 
IREC=IREC+1 
20 CONTINUE 
C SKIP THE END OF FILE MARKER SO THAT TAPE IS READY TO READ NE~T 
C SEISMOGRAM 
c 
c 
ILEN=5 
CALL CNTRL( 'FSR 1', I LEN, 7) 
WRITE ( 9 , o ) ' f i I e ' , J , ' has been w r i t ten to d i s k ' 
100 CONTINUE 
CLOSE(UNITc6) 
STOP 
END 
PROGRAM - SORTPROG 
--------~------------
C ooooooooooooooooooooooooooooooooooo•oooooooooooooooooooooooooooo 
C This program wi II produce a data file that wi II sort the 
C field data into either CSGs or CMPs. 
C Original data shot as 12 channel records 
C The program is interactive 
C The program is written in FORTRAN 77 
C oooooooooooooooooooooeoeeoooooooooooooooooeooooooooooooooooooooo 
c 
IMPLICIT INTEGER(A - Y) 
DIMENSION FILEN0(1000), RECN0{1000}, CDPN0(1000), Off(1000}, 
1 CDPN02(1000,40), Off2(1000,40}, FILEN2(1000,40), 
2 RECN02(1000,40),M0(100),MT(100},EOFF(100}, 
3 SHOTS(1000) 
c 
C ----------------------PROGRAM INTRODUCTION-------------------------
C 
WR I T E ( 6 , • } ' t t t t t t t ·t t t t t t t t t t t t t t t t t t t t t t t t t t t t t t t ' 
WRITE (6,•)' 
WRITE {6,•)' 
WRITE (6,•)' 
WRITE {6,•)' 
WRITE (6,•)' 
WRITE (6,•)' 
WRITE (6,•}' 
Welcome to the cdp sort program ! ' 
Answer· the questions put to you,' 
All input numbers are integers.' 
tttttttttttttttttttttttttttttttttttttt. 
WRITE (6,•)' Do you want to sort the data into ' 
WRITE (6,•)' 
WRITE (6,•)' Common Shot Gathers 
WRITE (6,•)' 
{input 0)' 
WRITE {6,•)' Common mid point gathers (input 1)' 
WRITE (6,•)' 
READ (6, .. ) SORT 
WRITE ( 6, •} ' 
WRITE ( 6, •) ' 
WRITE (6,•)' 
WRITE (6,•)' 
WRITE ( 6, •)' 
WRITE (6,•)' 
WRITE (6,•)' 
WRITE (6,•)' 
WRITE (6,•)' Shooting Technique' 
WRITE (6,•)' ------------------
WRITE ( 6, •)' 
WRITE (6,•)' Which one of these techniques is employed?' 
---- ----{7-----
WRITE ( 6, o) ' 
WRITE ( 6 , o ) ' 
WRITE ( 6 . o ) ' ( 0) ' 
WRITE ( 6. o) ' 
---->increasing Peg no.' 
Shot Point 1st geo Lost geo' 
WRITE (6,o)' -----0----------------Q--------------o-----------· 
WRITE ( 6 , o ) ' ( 1 ) ' 
WRITE ( 6, o) ' Shot Point Lost geo 1st geo' 
WRITE {6,o)' -----o----------------o--------------0-----------· 
WRITE {6,o)' 
WRITE {6,o)' 
WRITE (6,o)' 
WRITE ( 6, o) ' 
WRITE ( 6, e) ' 
WRITE ( 6, e) • 
i a. 
READ (6,e)SWITCH 
For gaophono nos. >Peg nos' 
Lost goo offset > 1st geo offset 
Lost geo offset < 1st geo offset 
------------ -
input 0' 
input 1' 
C ----------------INPUT DATA----------------------------------------
C 
c 
c 
WRITE (6,•)'How many digital samples make 1 msec on tope' 
READ (6.•) NSAMP 
WRITE(7,1) NSAMP 
FORMAT(I3) 
WRITE (6.•)' What is the Peg spacing of this survey? (meters)' 
READ (6,•) PGSPAC 
WRITE (6,•)' How many shot files ore there?' 
READ (6.•) NOSHOT 
WRITE ( 6, o) ' ............................................. , , .. , .. • 
NONE=0 
COPMIN = 1000 
COPMAX = 1 
IF(SORT.EQ.0)GOTO 5 
00 20, J = 1, NOSHOT 
WRITE (6,•)' Whot·is the peg no. of the shot in file' J, 
' ? (integer)' 
READ (6.•) ISN 
SHOTS(J)=ISN 
WRITE (6,•)' What is the peg no. of the first geophone in this 
&:file?' 
READ (6,•) ISG 
C -------CALCULATE COP & OFFSET FOR 12 CHANNELS IN SHOT GATHER------
c 
DO 10 I = 1 , 1 2 
K = ( ( J - 1 ) • 1_:2 ) + I 
IF(SWITCH.EQ. 1)GOTO 11 
COPNO(K) = ISN + ISG + I - 1 
OFF(K) = (ISG- ISN + I - 1) • PGSPAC 
OFF(K)=ABS(OFF(K)) 
GOTO 12 
11 COPNO(K) = ISN + ISG- I+ 1 
13 OFF(K) = (ISG- ISN- I+ 1) • PGSPAC 
OFF(K)=ABS(OFF(K)) 
12 FILENO(K) = J 
RECNO(K) = I 
IF (CDPNO(K) . LT. CDPMIN) COPt.4IN = COPNO(K) 
IF (CDPNO(K) .GT. CDPt.4AX) CDPt.4AX = COPNO(K) 
10 CONTINUE 
20 CONTINUE 
GOTO 22 
c 
5 DO 120. J a 1, NOSHOT 
WRITE (6,o)' What is the peg no. of the shot in file • J, 
1 • ? (integer)' 
READ {6,.;.) ISN 
SHOTS(J)=ISN 
WRITE (6,o)' What is the peg no. of the first geophone in this 
&: file?' 
READ ( 6 , o) I SG 
C -------CALCULATE SHOT NO.& OFFSET FOR 12 CHANNELS IN SHOT GATHER------
C 
2 1 DO 11 0 I .,. 1 • 1 2 
K = ((J - 1)o12) ? 
CDPNO(K) c ISN 
IF (SWITCH.EQ.1)GOTO 113 
----------o-Ff(i\}-=---{-ts~ts-N-~I----ljo-PGSPA·f':-------
c 
GOTO 112 
113 OFF(K) = (ISG- ISN- I + 1) o PGSPAC 
112 FILENO(K) = J 
RECNO(K) = I 
IF (CDPNO(K) .LT. CDPMIN} CDPMIN CDPNO(K) 
IF (CDPNO(K) .GT. CDPMAX) CDPMAX CDPNO(K) 
110 CONTINUE 
120 CONTINUE 
C ---------------INPUT DATA------------------------------------
C 
c 
22 WRITE(6,G)'Do you wont on offset dependant mute function?' 
WRITE(6,•)'(yes=1, no=0)' 
READ(6,•)YN 
lf(YN.EQ.0)GOTO 23 
WRITE(6.•)'how many offsets do you wont to mute?' 
READ(6.•)0FN 
DO 24 1=1. OFN 
WRJTE(6,•)'1nput offset value', ],'&time to mute until (msec)' 
READ(6.•)MO(I) 
READ(6.•)MT(I) 
24 CONTINUE 
2 3 WRITE ( 6 , • ) 'Do you want to e d i t out spec i f i c of f sets ? ' 
WRITE(6.•)'(yes=1, no=0)' 
READ(6,•)YN2 
IF(YN2.EQ.0)GOTO 29 
WRITE(6,•)'How many offsets do you wont to edit out ?' 
READ(6.•)ENO 
DO 25 1=1, ENO 
WRITE(6.•)'1nput offset • .I. • you want to edit (Meters)' 
READ(6,•)EOFF(I) 
25 CONTINUE 
C -------SORT INTO ASCENDING COP ( ASCENDING OFFSETS )------------
c 
c 
c 
-.· 
------INITIALISE SOME ARRAYS------
29 DO 40 , J = 1,1000 
DO 30 , I = 1 , 40 
CDPN02(J,I) = 0 
OFF2(J,I) = 0 
FILEN2(J,I) = 0 
RECN02(J,I) = 0 
30 CONTINUE 
40 CONTINUE 
NORECS ~ NOSHOT • 12 
END c NORECS + 1 
CDPEND=CDPMAX+1 
CDPVAL ~ COPMIN - 1 
KMAX = 0 
45 I = 0 
K = 0 
50 CDPVAL = CDPVAL + 1 
60 K = K + 1 
70 I "" I + 1 
IF {CDPVAL .EQ.COPENO) GO TO 90 
IF {I . EQ. END) GO TO 45 
IF (COPNO(I) .EQ. CDPVAL) GO TO 80 
GO TO 70 
---- ---8.e J = CDPf-46{-f7-----
c 
CDPN02(J,K) J 
OFF2(J,K) = OFF(I) 
FILEN2(J,K) = FILENO(I) 
RECN02(J,K) = RECNO(I) 
IF (K.GT.KMAX} KMAX = K 
GO TO 60 
C -----NOW SORT THE OFFSETS INTO ACENDING ORDER----------
C 
90 J=CDPMIN-1 
CDPFIN=CDPMAX+1 
200 J=J+1 
IF(J.EQ.CDPFIN.AND.SORT.EQ.1)GOTO 500 
IF(J.EQ.CDPFIN.AND.SORT.EQ.0)GOTO 888 
FLAG=1 
IF(SORT.EQ.0)GOTO 198 
WRITE(6,•)'CDP being processed •' ,J, ·•· 
GOTO 210 
198 WRITE{6,201)J 
201 FORMAT(1H+, 'SHOT NO BEING PROCESSED',I3) 
210 K=1 
220 N=K+1 
IF(K.EQ.KMAX.AND.FLAG.EQ.0)GOTO 200 
IF(K.EQ.KMAX)GOTO 210 
IF(OFF2(J,K).GT.1.AND.OFF2(J,N).LT.1)GOTO 300 
IF(OFF2(J,K).GT.OFF2(J,N))GOTO 300 
FLAG=0 
230 K=K+1 
GOTO 220 
300 STORE1=0FF2(J,K) 
OFF2{J,K)=OFF2(J,N) 
OFF2(J.~)=STORE1 
STORE2=CDPN02(J,K) 
CDPN02(J,K)=CDPN02(J,N} 
CDPN02(J,N}=STORE2 
STORE3=FILEN2(J,K) 
FILEN2(J,K)=FILEN2(J,N) 
FILEN2(J,N)=STORE3 
STORE4=RECN02{J,K) 
RECN02(J,K)=RECN02{J,N) 
RECN02{J,N)=STORE4 
FLAG=1 
GOTO 210 
500 DO 610 , J = COPMIN. CDPMAX 
c 
DO 605 , I =1,KMAX 
COUNTcl 
MF=0 
C ---------WRITE OUT THE MUTE FUNCTION VALUE IF APPLICABLE-------
C 
c 
502 DO 520 A=1 ,OFN 
IF (OFF 2 ( J , I ) . EO. MO (A}) MF=MT (A} 
520 CONTINUE 
C ------~---EDIT OUT THE TRACE IF OFFSET IS NOT REQUIRED----------
C 
503 DO 504 B=1,ENO 
IF(OFF2(J,I).EQ.EOFF(B})GOTO 506 
504 CONTINUE 
------------~G&r0-5~~ 
c 
506 FILEN2(J ,I )=0 
RECN02(J,I)=0 
510 WRITE (7,601) J,COUNT, FILEN2(J,I), RECN02(J,I), 
10FF2(J,I).MF,NONE 
601 FORMAT ( 14. I 3, I 3, 13, I 4, I 4. 14} 
605 CONTINUE 
610 CONTINUE 
GOTO 619 
888 DO 910 , J = CDPMIN, CDPMAX 
DO 905 , 
COUNT= I 
MF=0 
=1,KMAX 
C ---------WRITE OUT THE MUTE FUNCTION VALUE IF APPLICABLE-------
C 
c 
582 DO 580 A=1 ,OFN 
IF(OFF2(J,I} .EQ.MO(A})MF=MT(A) 
580 CONTINUE 
C ----------EDIT OUT THE TRACE IF OFFSET IS NOT REQUIRED----------
C 
c 
c 
803 DO 804 8=1 ,ENO 
IF(OFF2(J, I).EQ.EOFF(B))GOTO 806 
804 CONTINUE 
GOTO 810 
806 FILEN2(J,I)=0 
RECN02(J, 1)=0 
810 DO 807 A=1 ,NOSHOT 
IF (J.EQ.SHOTS(~))SHFLAG=1 
807 CONTINUE 
IF(SHFLAG.EQ.0) GOTO 904 
W R I TE .(7 , 9 0 1 ) J , C 0 UN T , F 1 L EN 2 ( J , I ) , R E C N 0 2 ( J , I ) , 
10FF2(J,I),MF,NONE 
901 FORMAT(I4, 13, 13, 13,14, 14,14) 
904 SHFLAG=0 
905 CONTINUE 
910 CONTINUE 
C ---------WRITE THE ZERO TO MARK THE "END OF THE DATA SET----------
C 
619 WRITE(7,620)NONE 
620 FORMAT(H) 
IF(SORT.EQ.8)GOTO 2000 
C ---------WRITE SOME LINE DIAGNOSTICS------------------------------
C 
NCOPcCOPMAX-(CDPMIN-1) 
WRITE ( 6, <>) ' 
WRITE(6,o)'ooooooooo~ooo•oocooooooocooccoooooooooooooo' 
WRITE(6,Q)' 
WRITE(6,o)' SURVEY DIAGNOSTICS' 
WRITE(6,o)' ------------------
WRITE ( 6 , o ) ' 
WRITE ( 6 , o ) ' 
WR I T E ( 6 , o ) ' 
WRITE ( 6 , o ) ' 
WRITE(6,o)' 
There ore ',NORECS, 'seismograms' 
There or<il ',NCDP,' possibl<il cdps.' 
from cdp nos ',CDPMJN,' to ',COPMAX 
With o fold of cover of ',KMAX 
WRITE(6,o)'Note: COP nos. ore twice true value due to voluo' 
c 
WR I T E ( 6 , o ) ' h o v i n g to be on i n t e g e r . ' 
--~-F-(YN .EQ-. 0) GOTO 710 
WRITE(6,o)' Mute Function' 
WRITE(6,o)' -------------
WRITE(6.•)' offset 
DO 700 1=1 ,OFN 
WRITE(6,•)MO(I},' 
700 CONTINUE 
7 1 0 WR I T E { 6 , • ) ' 
' , MT (I) 
time (msec)' 
WRITE(6,•)'••••••••••••••••••••••••••••••••••••••••••••' 
GOTO 3000 
-----·--·-
C ---------WRITE SOME LINE DIAGNOSTICS------------------------------
C 
2000 NCDP=CDPMAX-(CDPMIN-1} 
WRITE(6, •)' 
WRITE(6,•)'•••••••••••••••••••••••••••••••••••••••••••' 
WRITE ( 6 , • ) ' 
WRITE(6,•)' SURVEY DIAGNOSTICS' 
WRITE{6,•)' ------------------
WRITE(6,•)' There ore ',NORECS,'seismogroms' 
WRITE(6.•)' Minimum shot no ',CDPMIN 
WRITE(6,•)' Maximum shot no ',COPMAX 
WRITE(6,•)' Maximum no of traces from one shot point • ,KMAX 
WRITE ( 6, •) ' 
IF(YN.EQ.0)GOTO 1710 
WRITE(6,•)' Mute Function' 
WRITE(6,•)' -------------
WRITE(6, •)' offset time (msec)' 
DO 1700 1=1 ,OFN 
WR I TE ( 6 , • ) MO { I ) _:, ' ' , M T (I ) 
1700 CONTINUE 
1 7 1 0 WRITE ( 6 , • ) ' 
WRITE(6,•)'••••••••••••••••••••••••••••••••••••••••••••' 
3000 STOP 
END 
Program - EDITSORT 
c ••••••••••••••••••••••••••••••••••••••••••••••••••••• 
C This program is the edit program for the sort 
C File produced by SORTPROG 
C Unit 5 =The sort doto file 
C Unit 6 =Terminal 
C Unit 7 ""Edited sort data file 
C O.e.EJOiiJOGQ0000t:;~0Q:OOOQQQOSOOOOOOOQ$0¢00QOOOOOOOOI!I000¢100Q 
c 
IMPLICIT INTEGER(A-Z) 
DIMENSION CDP(2000),TRACE(2000),FILE(2000),RECOR0(2000), 
&OFFSET(2000),MUTE(2000),STATIC(2000), 
&EF(100) ,EFL(100), EIF(100) ,ETR(100) ,EOFF(100), 
&SF(100),ST(100),STATF(100), 
&0 ( 1 00) , M ( 1 00) 
NONEc0 
NUM"'0 
READ(5,10}RATE 
10 FORMAT(I3) 
2 READ(5,1)C 
IF(C.EQ.0)GOTO 9 
~1-F-ORMA-T-(-I-4-)---
NUM=NUM+1 
GOTO 2 
9 REWIND (5) 
READ(5, 11 )RATE 
WRITE(7 ,11 )RATE 
11 FORMAT(I3) 
D08I=1,NUM 
--- ~----
12 READ(5,14)CDP( I), TRACE( I), FILE( I) ,RECORD( I), OFFSET( I) ,MUTE( I), 
&STATIC( I) 
1 4 FORMAT (I 4, I 3, I 3, I 3, I 4, I 4, I 4) 
8 CONTINUE 
22 DO 20 1=1,30 
WRITE(6,•)' 
20 CONTINUE 
WRITE(6,•)'Editing 8c Static application' 
WRITE(6,•) '----------------------------· 
WRITE ( 6 , • ) ' ' 
WR I T E ( 6, • ) ' Do yo-u want to e d i t or i n s e r t stat i c s h i f t s ? • 
WRITE ( 6 , •) ' e d i t .• (enter 1 ) stat i c (en t e r 2) mute (en t e r 3) ' 
WRITE(6,•)'exit.~rogrom and write out file (4)' 
READ(6,•)CHOICE 
GOT0{50,2000,4000,5000)CHOICE 
50 DO 53 I=1 ,30 
WRITE ( 6, •) ' 
53 CONTINUE 
WRITE(6,•)' Do you wont to edit a specific 12 channel file? {1)' 
WRITE ( 6, •) ' 
WRITE(6,•)' Do you wont to edit o specific trace? (2)' 
WRITE(6,•)' 
WRITE(6,•)' Do you wont to edit a specific offset? (3)' 
WRITE ( 6, •)' ' 
READ(.6,•)SWITCH 
GOT0~100,300,500)SWITCH 
100 WRITE(6,•)'How many files do yo wont to edit?' 
READ(6,•)N 
DO 1 08 J= 1 , N 
WRITE(6,•)'Enter the number of the file (integer)' 
READ ( 6, •) EF ( J ) 
108 CONTINUE 
DO 120 J=1 ,N 
DO 140 1=1,NUM 
IF(FILE(I).EQ.EF(J)) CALL ZERO(I,FILE,RECORO,OFFSET,MUTE,STATIC) 
140 CONTINUE 
120 CONTINUE 
GOTO 22 
300 WRITE(6,o)'Ho~ many individual trocQs do you ~ant to remove?' 
READ(6,o)N 
D0320Jc1,N 
WRITE(6,o)'Input the file number and trace number' 
WRITE(6,o)'within that file' 
REA0(6,o)EFL(I) 
READ(6,o)ETR(I) 
320 CONTINUE 
DO 340 Jc1,N 
DO 360 Jo1 ,NUM 
IF"(FILE(I).EQ.Efl(J).ANO.RECORO(I}.EQ.ETR(J)) CALL ZERO (I.FJLE,RE 
&CORD,OFFSET,MUTE,STATIC) 
360 CONTINUE 
340 CONTINUE 
Go-ro--n---
500 WRITE(6,•)'How many offset do you wont to edit out?' 
READ(6,•)N 
D05201=1,N 
WRITE(6,o}'lnput the offset (meters)' 
READ(6,e)EOFF(I) 
520 CONTINUE 
DO 540 J=1 ,N 
DO 560 1 = 1 , NUM 
IF(OFFSET(J).EQ.EOF"F(J)) CALL ZERO(I,FILE,RECORD,OFFSET,MUTE,STATI 
&:C) 
560 CONTINUE 
540 CONTINUE 
GOTO 22 
2000 DO 2002 1=1, 30 
WRITE ( 6, •) ' ' 
2002 CONTINUE 
WRJTE(6,•)'Do you wont to apply a static shift? (1)' 
WRITE ( 6, o) ' ' 
WRITE(6,o)'or odd/subtract a number to on already existing' 
WRITE ( 6 , • ) ' stat, i c ? ( 2) ' 
WRITE(6, •)' ' 
READ(6,o)SC 
DO 2003 1=1 ,30 
WRITE ( 6, •) ' ' 
2003 CONTINUE 
WRITE(6,•)'Do you wont to apply the static to a' 
WRJTE(6,•) 'specific 12 channel file (1) ?' 
WRITE ( 6, •) ' ' 
WRITE ( 6 , • ) 'Do _:you wont to o p p I y a s t at i c 
WRITE(6,o)'to o specific trace (2) ?' 
WRITE { 6, •) ' ' 
READ..(6.•)STATC 
GOT0{2010,2500)STATC 
2010 WRJTE(6,•) 'How many files do you wont to apply ?' 
READ(6,•)N 
DO 2020 J=1 ,N 
WRITE(6,o)'Enter the number of the file ' 
READ(6,o)SF(J) 
WRITE(6,•}'the static shift' 
READ{6,o)STATF(J) 
2020 CONTINUE 
DO 2100 J=1 ,N 
DO 2150 1=1·,NUM 
IF(FILE(I) .EQ.Sf(J) .AND.SC.EQ.1)CALL STATA(I ,J,STATIC,STATF") 
IF ( F I L E ( I ) . EO. SF ( J) . AND. SC. EQ. 2) CALL S T ATB ( I , J , STATIC, S T A TF) 
2150 CONTINUE 
2100 CONTINUE 
GOTO 22 
2500 WRITE(6,•)'How many files do you want to apply?' 
READ(S,•)N 
DO 2520 J=1 ,N 
WRITE(S,•)'Enter the number of the file ' 
READ(S,e)SF(J) 
WRITE(S,•)'the trace no within the file' 
READ(6,$)ST(J) 
WRITE(6,•)'and the static shift' 
READ(6,•)STATF(J) 
2520 CONTINUE 
DO 2600 J=1, N 
--~e~~~~-+~1~~M------- - ~ ~ ~- ---- ------
2650 
2600 
4000 
4002 
I F ( F I L E ( I ) . EO. SF ( J ) . AND . S T ( J ) . EO . RECORD ( I ) . AND . SC . EO. 1 ) CALL 
&I ,J,STATIC,STATF) 
IF(FILE(I).EO.SF(J) .AND.ST(J) .EO.RECORD(I).AND.SC.E0.2)CALL 
&I ,J ,STATIC,STATF) 
CONTINUE 
CONTINUE 
GOTO 22 
DO 4002 I= 1 , 30 
WRITE(S,o)' 
CONTINUE 
WRITE(6,•)'Application of an offset dependant mute function' 
WRITE(S.•)'------------------------------------------------· 
WRITE ( 6, •)' 
WRITE(6.•)'How many offsets do you want to mute ?' 
READ(6.•)N 
DO 4020 J=1, N 
WRITE(6,•)'1nput the offset (meters)&: mute length (msecs)' 
READ(6,•)0(J) 
READ(6,•)M(J) 
4020 CONTINUE 
DO 4100 J=1 ,N 
DO 4150 1=1,NUM 
IF(O(J).EO.OFFSET(I))MUTE(I)=M(J) 
4150 CONTINUE . 
4100 CONTINUE 
GOTO 22 
5000 DO 5001 I= 1 , NUM 
STAT A( 
STATB( 
WRITE{7 ,5014)CDP{ I). TRACE( I), Fl LE( I) .RECORD( I) ,OFFSET( I) ,MUTE( I), 
&STATIC( I) 
c 
5014 FORMAT(I4,13,13,13,14,14,14) 
5001 CONTINUE 
WRITE(7,5002)NONE 
5002 FORt.1AT(I4) 
DO 5004 1=1, 40 
WRITE (6,•)' 
5004 CONTINUE 
WRITE(6,•)'••• Data file written to unit 7 •••' 
DO 5005 1=1, 20 
WRITE ( 6, •) ' 
5005 CONTINUE 
STOP 
END 
SUBROUTINE ZERO(I,FILE,RECORD,OFFSET,MUTE,STATIC) 
c 
IMPLICIT INTEGER {A-Z) 
DIMENSION FILE(200),RECORD(200),0FFSET(200),MUTE(200),STATIC(200) 
FILE(l)=0 
RECORD(I)=0 
OFFSET(l)c0 
MUTE (I )=0 
STATIC(I)=0 
RETURN 
END 
SUBROUTINE STATA(I ,J,STATIC,STATF) 
c •••••••••••••••• 
INTEGER STATIC,STATF 
DIMENSION STATIC(200),STATF(200) 
S-TATIC{ 1-)=-STATF-(~)- --------
RETURN 
END 
c 
SUBROUTINE STATB(l,J,STATIC,STATF) 
c •••••••••••••••• 
INTEGER STATIC,STATF,ADD 
DIMENSION STATIC(200),STATF(200) 
ADD=STATIC(I) 
STATIC(I)=STATF(J)+ADD 
RETURN 
END 
Program - SEGDSEGYMS 
c •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
C This program t~kes the digital data arranged in the original 
C field shooting order on a temorory disk file (Unit 7) 
C The first N samples of each trace con be zeroed to remove 
C ref roct ions 
C The MUTE time is given in milliseconds 
C A +ve or -ve static shift con be applied to individual traces 
C -ve time shift toward time origin 
C The shift is in samples 
C The data is sorted into the order given in the SORT data file 
C (Unit 5) 
C Data outputed as o sorted SEG-Y tope on unit 8 
c 
C Thi.s program is writ.ten in FORTRAN 77 using direct access 
C statements 
c ••••••••••••••••••••••••••••••••••••••••• * ••••••••••••••••••••••• 
C PROGRAM BY P.BRABHAM {1984) 
c 
c 
INTEGER CDPN,CDPF,FN,FREC,OFFSET,RNO 
INTEGER•2 SEIS 
DIMENSION SEIS(1024),RSEIS(1024) 
C WRITE THE TAPE HEADER ONTO THE SEGY TAPE 
c ----------------------------------------
CALL HEDA(2,8) 
c 
C READ IN THE NO OF SAMPLES IN 1 MILLISECOND 
c ------------------------------------------
READ(5,80)INSAMP 
80 FORMAT(I3) 
c 
C CALCULATE SAMPLING FREQUENCY IN MICROSECS FOR HEADER 
c ---------------------------------------------------
SF=(1/INSAMP)•1000 
ISF==INT(SF) 
c 
C READ IN THE SORT PARAMETERS FROM UNIT 5 
c ---------------------------------------
c COPN c Number of the COP 
C CDPF ==Record number within the COP (smol lest offset is trace 1) 
C FN"' file number on the original SEG-0 tope 
-------f-----F-R-E-e-=-R-e-c-~rd numb e-r-+n-t-h-e-f-i-1-e-(-1-t-o--1-2-)-- --
C OFFSET Shot to Geophone offset (meters) 
C RNO Record number in the data file (Unit 7) 
c 
c 
c 
c 
c 
IMUT E 
I STAT 
ICOUNT=-1 
Trace zeroed from start to !MUTE msecs 
Static shift -ve shift toward time zero 
(•shift in samples • ) 
C OPEN FILE 
C • 2056 USED INSTEAD OF 2048 NUMAC FRIG FACTOR • 
C NUMAC BUG MAY BE RECTIFIED AT SOME DATE 
C Dont worry if program crashes, it took 3 weeks to 
C sort this one out 
c 
c 
c 
IRECL=2056 
OPEN (UNIT=7,ACCESS='DIRECT' ,FORM='UNFORMATTED' .RECL=IRECL) 
100 READ (5,10) CDPN,CDPF,FN,FREC,OFFSET, IMUTE,ISTAT 
ICOUNT=ICOUNT+1 
1 0 FORMAT ( I 4 , I 3 "I 3, I 3 , I 4 , I 4 , 14} 
RNO=(((FN-1)•12)+FREC) 
XSTATclSTAT/INSAMP 
IMUTES=INT(IMUTE+XSTAT+0.5) 
C GET THE RIGHT RECORD OFF UNIT 7 If NO RECORD EXISTS THEN WRITE 
C A ZERO RECORD 
c 
IF (CDPN .EO. 0)GO TO 500 
IF (FN .EO. _:0 .AND. FREC .EO. 0) GO TO 210 
WRITE(6.•)'•• Trace ',RNO,' File ',FN,' trace ',FREC 
READ(UNIT=7 ,REC=RNO) (SEIS(JK) ,JK=1 ,1024) 
DO. 199 1=1,1024 
RSEIS(I)=SEIS(I) 
199 CONTINUE 
c 
C •• APPLY THE MUTE If REQUIRED ( IMUTE IN MILLISECONDS ) 
C •• NOTE IMUTE IS IN MSECS 
c 
IF(IMUTE.EQ.0)GOTO 200 
CALL MUTE(RSEIS,IMUTE,INSAMP) 
c 
C •• APPLY THE STATIC SHIFT IF REQUIRED -VE SHIFT TRACE MOVED TOWARD ZERO 
C • • NOTE --> 
c 
•ISTAT IS IN MILLISECONDS• 
c 
200 IF(ISTAT.EQ.0)GOTO 205 
CALL STATIC(RSEIS,ISTAT,INSAMP) 
205 ITVc1 
CALL SEGY(RSEIS,CDPN,CDPF,ITY,OFFSET.FN,FREC,ISF,IMUTES) 
GO TO 100 
C WRITE THE ZERO TRACE 
c 
210 WRITE(6,o) '00 Zero Trace 00 ' 
DO 300 1=1 ,1024 
SE IS (I) c0 
RSEIS(J)c0.0 
300 CONTINUE 
ITV=2 
CALL SEGV{RSEIS,CDPN,CDPF, ITV,OFFSET,FN,FREC. ISF,IMUTES) 
~----- ~o---r-e-1-00- -- ____ _ 
c 
500 WRITE(6,o)'ALL ',!COUNT,' FILES HAVE BEEN WRITTEN TO TAPE' 
STOP 
END 
SUBROUTINE SEGY(SEIS,CDPN,CDPF,ITY,OFFSET,FN,FREC,ISF,IMUTES) 
C OOQQOOOOOOOOOOO 
INTEGER CDPN,CDPF,OFFSET,FN,FREC 
INTEGERo2 IHDR(120) ,I LEN 
DIMENSION ARRAY{1084),SEIS(1024) 
INTEGER HED(60) 
EQUIVALENCE (ARRAY( 1), HED( 1)), (HED( 1). IHDR( 1)) 
D05J=1,1084 
5 ARRAY(J)=0.0 
DO 10 L=1 . 60 
10 HED(J)=0 
c 
c 
c 
DO 15 J=61,1084 
15 ARRAY(J)=SEIS(J-60) 
HED(3)=FN 
HED{4)=FREC 
HED(6)=CDPN 
HED { 7)=CDPF 
HED(10)=0FfSET 
IHDR{15)=ITY 
IHDR(54)=0 
IHDR(56)=0 
IHDR(57)=1MUTES 
IHDR(58)=1024 
I H DR ( 59 ) = I S:F 
JLEN=4•1024+240 
CALL WRITE(ARRAY,ILEN,0,LNUM,B) 
RETURN 
END 
SUBROUTINE HEDA(NIN. NOUT) 
C HEADER BLOCK TRANSFERS 
c 
c 
IMPLICIT INTEGER•2(1) 
DIMENSION TPHEDA(800) 
INTEGER TPHEDB{100) 
C READ THE EBCDIC HEADER 
c 
!LEN c 3200 
CALL READ(TPHEDA, !LEN, 0, LNUM, NIN) 
c 
C READ BINARY HEADER 
c 
!LEN c 400 
CALL READ(TPHEDB, !LEN, 0, LNUM, NIN) 
c 
C WRITE EBCDIC HEADER 
c 
I LEN = 3200 
CALL WRITE(TPHEDA, ILEN, 0, LNUM, NOUT) 
c 
C WRITE BINARY HEADER 
---ec---
c 
!LEN= 400 
CALL WRITE(TPHEDB, !LEN, 0, LNUM, NOUT) 
RETURN 
END 
SUBROUTINE STATIC(PSEIS,ISTAT,INSAMP) 
c ••••••••••••••••• 
c 
DIMENSION TSEIS(1024),PSEIS(1024) 
ISTATS=ISTAT 
WRITE(6,•)'++ Static shift ',ISTATS,' 
IF(ISTATS.LT.0)GOTO 1040 
DO 1 01 0 I= 1 , IS TATS 
TSEIS(I)=0.0 
1010 CONTINUE 
ISTART=ISTATS+1 
DO 1020 J=ISTART,1024 
K=J-ISTATS 
TSEIS(J)=PSEIS(K) 
1020 CONTINUE 
GOTO 2000 
1040 ISTATS=ABS(ISTA~S) 
L=1024-ISTATS 
DO 1050 I=1,L 
K=I+ISTATS 
TSEIS(I)=PSEIS(K) 
1050 CONTINUE 
K=1024-ISTATS+1 
DO 1070 I=K,1024 
TSEIS( I )=0: .. 0 
1070 CONTINUE 
2000 DO 2010 1=1 ,1024 
.PSEIS(I)=TSEIS(I) 
2010 CONTINUE 
RETURN 
END 
SUBROUTINE MUTE(ASEIS,IMUTE,INSAMP) 
c ••••••••••••••• 
DIMENSION ASEIS(1024) 
NSAMPmJMUTE•INSAMP 
WRITE(6,•)'++ Mute 0 to ',!MUTE,' msecs 
DO 3000 1=1 ,NSAMP 
ASEIS(I)=0.0 
3000 CONTINUE 
samples ++' 
',NSAMP, • samples' 
c 
C PUT A 7 SAMPLE COSINE TAPER ON AFTER THE MUTED SECTION 
c 
Je<NSAMP+1 
ASEIS(J)cASEIS(J)o0.1736 
JcNSAMP+2 
ASEIS(J)cASEIS(J)o0.342 
J=NSAMP+3 
ASEIS(J)~ASEIS(J)o0.50 
JcNSAMP+4 
ASEIS(J)oASEIS(J)o0.6427 
J=NSAMP+5 
ASEIS(J)=ASEIS(J)~0.7660 
J=NSAMP+6 
ASEIS(J)=ASEIS(J)~0.8660 
--- - - - - J=N-5-AMP+7-· -· -----· ·- - --· -- --· - ----- · 
ASEIS(J)=ASElS(J)$0,9396 
J==NSAMP+8 
ASE1S(J)=ASEIS(J)o0.9848 
RETURN 
END 
APPENDIX D 
TAPE FO.RMATS 
The Nimbus DMT-911 digital ~gnetic tape recorder in conjunction 
with the Niumus ES-1210F seisnwgraph, was used throughout the duration 
of this project to record the seismic data. The digital recorder 
on 1600bpi, 9 track, 112" tape. The tape can be directly transferred 
onto tape drives on the ~C ~in frrune computer at Durham University. 
The SEG-D fo~t comprises of individual files containing 12 channels 
of seismic data, the files are separated by an end of file ~rker. 
Each file comprises of a 32 byte general file header that includes an 
auto~tically assigned sequential file nwnber and a constants entry, 
this is followed by an inter-block gap, then the individual records. 
Each record comprises of a 20 byte trace header (unique to SEG-D 
fo~t). The trace header precedes each channel's data, the header 
and the data are recorded as one data block. The ~-911 sets no 
info~tion into the trace header except the file nwnber. 
General Tape layout 
Start 
B I 
01 
T I 
Fi 1 e 
1 
I E I File 
I 0 I 
I F I 2 
Individual file fonmat 
I E I I 
I 0 I I 
I F I I 
---------------------------------
H I FILE I I IHI DATA I I IHI 
D I I BIOI RECORD IBID I 
R I HEADER IGIRI 1 IGIRI 
---------------------------------
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I 
I 
I' 
File 
n 
End 
I E I E I 
I 0 I 0 I 
I F I F I 
------------------
I I IHI DATA I I I 
IBID I REOORD IBI 
IGIRI 12 IGI 
------------------
BOT - Beginning of tape rrrnrker 
XBG - Knter-block gap 
Number Fonna t 
EOF - End of fiBe ~rker 
HDR - Trace header 
The Nimbus ES-1210F seisrrmgraph records 1024 smnples per trace, 
each smnple recorded on 10 bits, thus giving a srunple value range 
from an integer value of -512 to +512. 
The digital smnple values are recorded in a 2 byte quaternary 
---e-x-pon-ent -fo-rn-r.--
Bit 
1st byte 
2nd byte 
(msb) 
0 
s 
QS 
1 
C2 
Q6 
2 
Cl 
Q7 
3 
co 
Q8 
4 
Ql 
Q9 
The digital sample value is expressed as: 
s. 
ax: 
~.~.~. x4 
S is the sign bit. 
MP 
X 2 
5 
Q2 
QlO 
6 
Q3 
Qll 
(Ish) 
7 
Q4 
Q12 
For the ES-1210F seisnmgraph, Qll & Q12 are set to zero. 
2 1 
Ql represents 2 and Q2 represents 2 etc. 
C2, Cl, CO is always set to 6, so that the radix point is 
forced to the right of Q12 to permit processing of each 
datapoint as a 12 bit, one's complement integer. 
MP is set to zero in the general header. 
Decoding the sample value 
----------
~en the SEG-D field tape is read on ~C the digital sample values 
will appear as meaningless numbers as ~Cis trying to read the 
bits as a two's complement integer value. The number needs to be 
decoded, this is done by masking bits 2, 3 and 4 (the C values). 
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The FORTRAN 77 routine which does this is; 
iF (~ER .GT. ]023) NUMBER 
IF (~ER .LT. O) NUMmER 
IF (NUWmER .LT.-1024) NUMBER 
NUViBER - 24S'Hi 
NtMBEIR + ] 
NlMBER + 4096 
This decodes the nmnerical values to an integer range of -512 to 
+5]1. 
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